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... On any customer’s operating problem has top priority on 
the schedule of our technical service personnel. Your call 
triggers action—focuses attention on the answers you seek. 


For fast, effective, superior technical assistance, you can 
rely on GLC every time. 
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The Keithley 150 sets new standards in sensi- 
tivity, stability and noise figure for de micro- 
voltmeters. It also serves as an amplifier, null 
detector, micro-microammeter, and (with an 
external voltage supply) meg-megohmmeter. 
Functions and measurement spans include: 


DC Voltmeter, 1 microvolt to 1 volt full scale 
Ammeter, 10-10 to 10-3 ampere full scale 
DC Amplifier, gains of 10 to 10,000,000 
Null Detector, with 0.5 to 2 second period. 


OTHER FEATURES of the 150 include zero sup- 
pression of up to 100 times full scale; optional 
floating or grounded input; high input resist- 
ance; zero stability as a voltmeter within 
+0.1 microvolt per day, and within +2 x 10"! 


BRIEF SPECIFICATIONS 


KEITHLEY MODEL 150 MICRO VOLT-AMMETER 


MEASURES 
DOWN TO 


AND 2 x 10-'? AMPERE 


(Veg 


ampere per day as an ammeter; short term 
noise within 0.03 microvolt peak to peak 
(0.006 microvolt RMS). The 150 is rugged, 
relatively insensitive to vibration, 60-cycle 
fields, or thermal EMF’s. It is available in 
either rack or cabinet packaging. 


USES of the 150 encompass nearly every 
branch of research and engineering. Examples 
include measuring the outputs from strain 
gages, thermopiles, thermocouples, bolo- 
meters, phototubes, ionization chambers, 
scintillation counters, and barrier layer cells. 
Other applications are found in cell studies, 
electrochemical potentials, corrosion work, 
molecular-weight analysis, Hall effect studies. 


DETAILED DATA about the 150 Micro Volt- 
ammeter are now available in Keithley 
Engineering Notes, Vol. 7 No 1. A request 
will bring your copy promptly. 


de voltage: 13 ranges in 1X and 3X steps from 
+1 microvolt to +1 volt full scale. 

current: 17 ranges in 1X and 3X steps from 
+10-" to +10-* ampere full scale. 

zero stability: within 0.1 microvolt per day, or 
2 x 10-!! ampere per day. 

noise: less than 0.006 microvolt RMS as a volt- 


Li 


meter ; less than 2 x 10-!? ampere as an ammeter. 


accuracy: voltage, + 2% of full scale onall ranges; 
current, +3% on all ranges. 


zero suppression: up to 100 times full scale. 
response speed: 0.5 to 2 seconds. 

gain: 10,000,000 maximum. 

output: + 10 v and 5 ma for full scale deflections 
price: $675.00 


Long-term drift of the Model 150 is shown in the above recording. A 1000-ohm 
resistance was connected across the input. Note the very low peak to peak 
noise, even at this slow paper speed. 


KEITHLEY INSTRUMENTS, INC. 


12415 EUCLID AVENUE 


CLEVELAND 6, OHIO 
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Electronics progress through 
chemistry and metallurgy 


New look in Crystals... 


Syivania develops a new optical instrument for easy, accurate 
alignment of single-crystal germanium and silicon 


Semiconductor manufacturers and 
research laboratories can now orient 
monocrystalline germanium and sili- 
con quickly and easily without the 
use of X ray, microscope or other 
methods requiring skilled operators 
or extensive processing. 


Sylvania has developed a versatile 
new Crystal Orientation Instrument 
that is especially adaptable to the 
preparation of germanium and silicon 
single-crystal slabs for dicing, to seed 
crystal preparation, and many 
other uses. The device reveals the 
symmetry and orientation ofacrystal 


WSYLVANIA 


Subsidiary of 


GENERAL TELEPHONE & ELECTRONICS 


through the light pattern it reflects 
from the facets in the etched surface 
of the crystal. 

Here are some of the advantages 
of the Sylvania Crystal Orientation 
Instrument: 


SPEED—Cutting, preparation, etching and 
evaluation of a crystal in as little as 15 
minutes. 


SIMPLICITY — Clean design allows easy opera- 
tion by unskilled personnel. 


ACCURACY—to + 12 minutes of arc. 


ECONOMY— Lower initial and operational 
costs than X ray and other techniques. 


SAFETY— Non-hazardous operation—no 
radiation risk. 


VERSATILITY—Can be used on any mono- 
crystalline material in which etch pits 
can be produced. 


FLEXIBILITY—Top mount can be rotated-or 
removed. It can be set up on duplicate 
base units in other locations. 


The Sylvania Crystal Orientation 
Instrument is available as a complete 
assembly or in individual parts. For 
complete particulars on this newest 
aid to the semiconductor industry 
from the Chemical & Metallurgical 
Division, contact your Sylvania rep- 
resentative or write the division 
directly in Towanda, Pa. 


Sylvania Electric Products Inc. 
Chemical & Metallurgical Div. 


Towanda, Penna. 
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Editorial 


National Goals 


I N his State of the Union Message last winter, President Eisenhower 
declared that the country needed national goals, which should extend for five or 
even ten years in the future. A national magazine (This Week) published an ar- 
ticle in which readers were asked to “Help the President” by voting on a list of goals 
which the nation should strive for. The response was prompt and enthusiastic, with 
replies from some 45,000 readers. The results have been tabulated and sent in 
bound form to the White House as “A Report to the President.” 


The ten goals which received the most votes are as follows: 1. Control inflation, 
2. Raise human standards, 3. Reduce crime and labor racketeering, 4. Improve inter- 
national relations, 5. Reduce taxes, 6. Provide stronger national defense, 7. Improve 
interfaith and interracial relations, 8. Provide college education for all gifted 
students, 9. Stabilize population, 10. Conserve natural resources. 


This is, indeed, a worthy list of goals to study and to work toward, and it is espe- 
cially gratifying to know that a great many people are concerned with national 
plans for the future and are not content with a policy of improvising from day to 
day. To be sure, most of the goals should receive life-time as well as immediate at- 
tention; and some of them are probably not mutually compatible at present. Is it 
possible to control inflation, reduce taxes, and provide stronger national defense? 
Many people seem to feel that “control inflation” is synonymous with “reduce gov- 
ernment spending.” In the early summer, there was a widespread campaign urging 
every voter to write to his congressmen, asking them to vote for only the necessary 
amount of spending. This is praiseworthy and important; high taxes are endurable 
only if they are necessary and if they are used wisely. But, to balance the budget is 
not enough. The experts say that the way to control inflation is to start paying off the 
national debt, and that the way to do this is to raise taxes. Not a popular program at 
all; but actually the “austerity” necessary to put our Treasury in a much sounder 
position would be mild compared to what we have seen in other countries. 


The President is well aware of the dangers of drifting. During the past year, he 
set up a Committee on National Goals, called on government leaders to study the 
problems of inflation, called on Congress to allow the interest rate on long-term 
Treasury bonds to rise, vetoed inflationary bills, asked Congress not to undertake 
new spending without providing new funds. Certainly very strong leadership is 
needed at the present time, and the widest publicity should be given to every action 
of Congress and of the Administration. A well-informed public will insist on sound 
government action, and nothing can be of more help in striving toward the impor- 
tant humanitarian goals than a healthy economy. 
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GUIDED MISSILE 


This is a missile-borne transmitter. It is the ‘‘voice” 
of a missile in flight . . . part of a new radio-inertial 
guidance system developed by Bell Telephone Labo- 
ratories for the Ballistic Missile Division of the 
Air Force. 


This versatile system helped deliver the nose cone 
of a Thor-Able test missile precisely to its South 
Atlantic target area—5000 miles from Cape Canav- 
eral, Florida. So accurately was the nose cone placed 
that a waiting group of ships and planes retrieved it 
in a matter of hours. It was the first nose cone ever 
to be recovered after so long a flight. 


The command guidance system which made such 
accuracy possible combines precision tracking radar 
with a special Remington Rand Univae computer. 
Fed a steady stream of signals from the missile- 
borne transmitter, the ground-based equipment com- 
pares the missile’s flight path with the preselected 
path. Corrective steering orders are computed and 
transmitted automatically to the missile. The ground 


Edwin Felch, project director in charge of developing the 
Titan guidance system, holds the “voice” of the ICBM. 


station monitors the progress of the flight continu- 
ously and obtains immediate evaluation of mission 
success. And since the principal control equipment is 
kept on the ground, expendable hardware in the 
missile itself is minimized. 

This radio-inertial guidance system is a product 
of the Bell Laboratories-Western Electric develop- 
ment-production team. It is in production at Western 
Electric for the first operational squadrons of the 
Titan intercontinental ballistic missile. 


Bell Labs scientists and engineers developed the 
world’s most versatile telephone network and much 
of our nation’s radar. They have constantly pio- 
neered in missile systems. From their storehouse of 
knowledge and experience comes this new achieve- 
ment in missile guidance. 


BELL TELEPHONE LABORATORIES 


World center of communications research 
and development 
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FUTURE MEETINGS OF 
The Electrochemical Society 


Columbus, Ohio, October 18, 19, 20, 21, and 22, 1959 
Headquarters at the Deshler Hilton Hotel 
Sessions will be scheduled on 
Batteries, Corrosion (including a joint Corrosion—Electronics-Semiconductors session), 
Electrodeposition (including symposia on “Electrodeposition from Organic Solvents” 
and “Electro- and Chemical-Polishing”), 
Electronics (Semiconductors), Electro-Organics, 
and Electrothermics and Metallurgy 


Chicago, Ill., May 1, 2, 3, 4, and 5, 1960 
Headquarters at the Lasalle Hotel 
Sessions probably will be scheduled on 


Electric Insulation (including a symposium on “Electrolytic Capacitors”), 


Electronics (including Luminescence and Semiconductors), 


Electrothermics and Metallurgy (including a symposium on “High-Purity Vanadium” 
and a round table on “Methods of Reducing Iron Ores”), Industrial Electrolytics, 


and Theoretical Electrochemistry 


Houston, Texas, October 9, 10, 11, 12, and 13, 1960 
Headquarters at the Shamrock Hotel 


* 


x * 


Indianapolis, Ind., April 30, May 1, 2, 3, and 4, 1961 
Headquarters at the Claypool Hotel 


Detroit, Mich., October 1, 2, 3, 4, and 5, 1961 
Headquarters at the Statler Hotel 


Papers are now being solicited for the meeting to be held in Chicago, IIl., May 1-5, 1960. Tripli- 
cate copies of each abstract (not exceeding 75 words in length) are due at Society Headquarters, 
1860 Broadway, New York 23, N. Y., not later than January 4, 1960 in order to be included in the 
program. Please indicate on abstract for which Division’s symposium the paper is to be scheduled, 
and underline the name of the author who will present the paper. Complete manuscripts should 
be sent in triplicate to the Managing Editor of the Journnat at 1860 Broadway, New York 23, N.Y. 
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Coming up 


the answer to , 


Du Pont... manufacturer of Hyperpure Silicon 
offers the services of technical specialists 


When you specify Du Pont Hyrerrure Silicon, you 
get a product of highest dependability as well as ex- 
pert technical assistance, when needed. Experienced 
Du Pont Technical Specialists will gladly discuss tech- 
niques of crystal growing and materials processing 
with you. What’s more, you can take advantage of 
Du Pont’s new $3,000,000 Technical-Service Labora- 
tory designed for researching customer problems. 

Floating zone single crystals of Du Pont Hyrer- 
PURE Silicon are available in a wide range of resistivi- 
ties. Du Pont Hyperpure Silicon is also supplied in 
densified cut rods .. . and rods suitable for float zone 
refining. They’re offered in several grades with care- 


HYPERPURE SILICON 


fully controlled purity levels. 


Here’s more news: Du Pont’s new Brevard, N. C., 
plant has a capacity of 70,000 Ibs. of Hyperpure Sili- 
con per year. That means you’re assured of a prompt 
supply of high-purity silicon in the form you need. 
For more information, write Du Pont . . . pioneer 
producer of semiconductor-grade silicon. 


Free booklet is available upon request. It de- 
scribes the manufacture, properties and uses 
of Hyrerpure Silicon. E. I. du Pont de Ne- 
mours & Co. (Inec.), Pigments Dept., Silicon 
Development Group, Wilmington 98, Delaware. 


PONT 
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THINGS FOR BETTER LIVING 
THROUGH CHEMISTRY 
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In electrotyping, plating rotogravure rolls, electroforming, 
“Plus-4” Copper Anodes cut piating costs 


ELECTROTYPERS have discovered that, in addition to eliminat- 
ing the use of bags and diaphragms, they can place “Plus-4” 
(Phosphorized Copper) Anodes closer to the cathodes to 
speed up the plating cycle 30% or more with the same power 
input — and still obtain a smooth deposit. As an alternate, 
power can be reduced by one-third with an equal reduction 
in resistance and generation of heat to obtain finished 
electros in the same plating time. This is an important ad- 
vantage when thermoplastic plates or molds are used and 
tanks must run no higher than 95F. 

MAKERS OF ROTOGRAVURE ROLLS have found that “Plus-4” 
Anodes provide a much finer, smoother surface for polish- 
ing and etching, and retain the quality of the light tones in 
runs of over one million impressions on a single set of design 
cylinders. 

In addition, they report significant reductions in cost. One 
publisher found that he produces superior rolls with less 
labor and a reduction of 18 to 20% for materials required in 
the plating process. Another reports he gets a dividend of 
eight extra rolls for each tank load of “Plus-4” Anodes. And 
still another has found a 15% saving in over-all costs. 


IN ELECTROFORMING operations, “Plus-4” Anodes — by elimi- 
nating the most prevalent acid-copper plating difficulties — 
have made it practical to produce many new products. Their 
ability to provide a smooth, dense deposit relatively free 
from growths and blemishes made possible relatively thick 
shells for molds used in making rubber and plastic articles, 
and in intricate precision parts for electronic use. Electro- 
formers report operating economies similar to those found 
in the graphic arts field. 

WRITE FOR INFORMATION on how you can obtain a test quantity 
to supply one tank. Address: The American Brass Com- 
pany, Waterbury 20, Conn. In Canada: Anaconda American 
Brass, Ltd., New Toronto, Toronto 14, Ontario. 69106 


ANACONDA® 


“PLUS-4”"® ANODES Phosphorized Copper 
Made by The American Brass Company 
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Titanium and Zirconium As Primary Cell Anodes 


Milton A. Thompson, Allen B. Scott, Donald Chittick, and Paul M. Gruzensky 


Department of Chemistry, Oregon State College, Corvallis, Oregon 


ABSTRACT 


Polarization, chemical corrosion rates, and the anodic electrochemical equiv- 
alence for titanium and zirconium were measured in several electrolytes, chiefly 
fluoride solutions. Titanium exhibited satisfactory electrode characteristics in 
dilute HF, containing added NH,F, except for somewhat excessive chemical 
corrosion. Zirconium was corroded severely by fluoride solutions in which its 
electrode characteristics were otherwise satisfactory and was somewhat less 
suitable as an electrode in H.SO, solutions in which chemical corrosion was not 
serious. The Ti-HF, NH.F-MnoO. cell operated stably during discharge with 
good anode utilization but is probably limited to use as a reserve cell chiefly 
because of the deleterious effects of fluoride upon the MnO. electrode. 


The experiments described in this paper were 
undertaken in order to determine the suitability of 
titanium and zirconium as negative electrodes in 
primary cells. Both metals are characterized by 
large negative electrode potential, corrosion resist- 
ance in many electrolytes, galvanic corrodibility in 
some of these solutions, and relatively low equiva- 
lent weight and equivalent volume. On the other 
hand, both may be rendered passive by oxide films 
when anodized under certain conditions. While the 
cost of the metals is still high compared to that of 
zinc, magnesium, and aluminum, it is decreasing 
rapidly and continually, and even now an amount 
of Ti electrochemically equivalent to the Zn con- 
tained in a flashlight D cell costs only 4.5 cents. 

Electrochemical data for Ti and Zr are given in 
Table I; data for Zn are also given as a comparison. 

Considerable information is available concerning 
the corrodibility of Ti and Zr in the more common 
electrolytes (3). Both metals are highly resistant to 
corrosion under a variety of conditions; however, Ti 
is attacked by H.SO, above 5% concentration, HCl 
above 5%, H,PO, above 30%, certain organic acids 
and HF at all concentrations. Zirconium is corroded 
by H.SO, above 80%, FeCl, and CuCl, solutions, and 
HF at all concentrations. Straumanis and Gill (4) 
reported that the addition of NH,F increased the 
dissolution rate of Ti in HCl] and H.SO, up to a con- 
centration of 4M NH,F, above which the metal was 
rendered practically passive. In HF, the effect of 
NH.F was to reduce the dissolution rate at all NH,F 
concentrations. 


Table |. Comparison of Ti, Zr, and Zn as anode materials 
Zr Zn 


22.8 32.69 
Eq. vol, cm* : 3.50 4.59 
Amp min/g : 70.6 49.4 
Cost (1), $/lb : 7.50 0.10 
Standard oxidation 
potential,’ (2) v i 1.53 0.76 


« Based on oxidation to tetravalent Ti and Zr. 
>For couples: Ti-TiFs—, Zr-ZrO*++, and Zn-Zn*+, respectively. 


Schlain and co-workers (5) studied galvanic cor- 
rosion of Ti and Zr. When coupled with several 
other metals in a variety of electrolytes, both were 
usually cathodic; however, Ti was anodic to stain- 
less steel in H.SO, and to Al after several days in a 
deaerated H.SO, solution. 

Several studies of electrode potentials of Ti and 
Zr have been reported. Botts and Krauskopf (6) 
and more recently Sato and Yamane (7) attempted 
to obtain the standard electrode potential of Ti in 
Ti.(SO,), solutions. The values obtained, e.g., 
—0.355 v in the latter experiment, were far different 
from the value —1.30 v calculated from thermo- 
dynamic data (2), showing that the electrode was 
not reversible. Other experiments (5,8) generally 
support the conclusion that potentials of these elec- 
trodes in many electrolytes are variable with time, 
sensitive to degree of aeration, and that the elec- 
trodes are highly irreversible. Straumanis and Chen 
(8) found that the Ti electrode potential in HF 
becomes more negative with increasing HF concen- 
tration up to 0.20N, beyond which it was constant 
at —0.768 v. Addition of NH,F resulted in a potential 
of —0.95 v. 

Anodic polarization and oxide film growth during 
anodization of Ti and Zr have been extensively in- 
vestigated (9). Passivity is usually attributed to a 
layer of TiO, or ZrO.. 

The only application of either Ti or Zr in a pri- 
mary cell, to our knowledge, involves a positive 
electrode of porous Ti coated with depolarizer (10). 
Schlain (5) obtained a current as high as 11 ma 
from a Mg-Ti couple in which Ti was cathodic. 

In the course of this investigation the following 
quantities were determined: (a) electrode poten- 
tials for Ti and Zr as a function of anodic current 
density in a variety of electrolytes; (b) average 
charge of the ion produced by the anode reaction in 
several electrolytes and at several current densities; 
(c) characteristics of more than a hundred primary 
cells having either a Ti or Zr anode and either a 
Pb-PbO, or C-MnO. cathode. 
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Experimental 
Titanium sheet,’ 0.25 mm thick, was cut to the 
desired size and polished with emery paper for use 
as electrodes. Titanium tubing,’ 3.17 cm O.D., was 
used for the construction of dry cells. Zirconium 
sheet, 0.25 mm thick, was either Iodide Process’ or 
Kroll Process.‘ No significant differences were ob- 
served in the behavior of the two types of Zr. All 
reagents were C.P. or Analytical Reagent grade. 

Single electrode potentials were measured by 
means of a L&N Type K potentiometer. Cell volt- 
ages were measured either potentiometrically or by 
means of a vacuum-tube voltmeter. Current densi- 
ties were computed from the measured area of 
electrodes without application of a roughness factor. 
The electrode area was regulated by coating the 
entire electrode with paraffin and cleaning off the 
desired area on one side of the electrode, finally 
polishing the exposed area with emery paper. 

C-Mn0O, electrodes were of the commercial D-cell 
type.* 

In order to select an electrolyte and a usable 
cathode for detailed tests, the behavior of Ti and Zr 
coupled to other electrodes in about 40 electrolytes 
was studied. The open-circuit voltage and the volt- 
age of the couples connected by a 12-ohm resistor 
were measured. The electrolytes were principally 
solutions of H,PO,, HF, H,SO,, FeCl,, NH,F, and 
combinations of these. The other electrodes were 
Cu, Al, Pb, stainless steel, and MnO.. Most of the 
couples exhibited either a low open-circuit voltage 
or severe polarization under load; however, Ti 
coupled with the MnO, electrode in 1N HF gave 1.37 
v open circuit and 0.600 v under load. A Zr-MnoO. 
couple, with 0.1N HF, gave 1.60 v open circuit and 
0.89 v under load. The highest current drawn was 
75 ma, using an anode area of 2 cm’. 

It is evident that acid fluoride solutions are the 
most effective in reducing polarization under load 
in the case of both Ti and Zr. The C-MnoO. electrode, 
although undoubtedly adversely affected by fluo- 
ride, was selected for detailed investigation because 
of the high voltage observed when coupled with Ti 
and Zr in many different acid fluoride solutions. 


Polarization Measurements 


Titanium or zirconium was made the anode in 
electrolytes composed chiefly of HF, NH,F, KCl, and 
in some cases H.SO,. The single electrode potential 
was measured by means of a reference normal calo- 
mel electrode, as a function of current density. The 
single electrode potentials of replications agreed 
within 1% at current densities less than 1 ma cm™~ 
and within 5% at the highest current densities. 
Representative curves are presented in Fig. 1 and 2. 
Potentials are taken with respect to the standard 
hydrogen electrode. 

In the case of Ti (Fig. 1), as the current density 
' Supplied by Titanium Metals Corp. as Ti-75A. 

2 Supplied by Superior Tube Co 

* Supplied by Foote Mineral Co. 

‘Supplied by the Carborundum Metals Co. 


* Supplied by the National Carbon Co. 
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was increased, a point was attained at which the 
electrode potential suddenly became strongly posi- 
tive. The current density at which this occurred is 
indicated by the broken vertical portion of the 
polarization curve, and electrodes which have 
undergone the sudden positive change in potential 
will be referred to as passive. In this condition, 
oxygen is evolved and the electrode is presumably 
covered by a protective film. The current density for 
passivation, i,, was not very reproducible, even 
though the electrode potentials prior to passivation 
were quite so. This arose from the fact that i, de- 
pended markedly on the rate at which the current 
was increased. The curves were selected to show 
typical passivity behavior. 

Zirconium electrodes generally showed less tend- 
ency to become passive. However, in solutions con- 
taining only HF, or dilute mixed solutions of HF 
and NH,F, i, was lower for Zr than for Ti, as shown 
in Fig. 2. NH,F was very effective in eliminating 
passivation of Zr, even in the absence of HF. 


4 


mal 


5 10 2 50 
mm cm 
Fig. 1. Polarization and passivation of Ti in fluoride solu- 
tions. Curve A, 0.05N HF; B, 0.075N HF; C, 0.1N HF; D, IN 
HF, 20% NH,F; E, 0.2N HF; F, 0.075N HF, 0.1N KCI, 6% 
NH,F; G, 1N HF. i, for IN HF was 110 ma cm”. 
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Fig. 2. Polarization and passivation of Zr in fluoride solu- 
tions, and Zn in Leclanche electrolyte (curve D). Curve A, 
0.1N HF; B, HF; C, 0.1N HF, 1% NH,F; E, 89 NH.F; 
F, 0.075N HF, 4% NH,F; G, 0.075N HF, 8% NH.F. Passivity 
did not occur in E, F, or G, even though in G i was taken as 
high as 180 ma cm”. 
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Fig. 3. Dependence of the passivation current density of Ti 
on HF and NH,F concentration. A, HF only; B, 0.075N HF, 
added NH,F; C, 0.2N HF, added NH,F; D, 0.5N HF, added 
NH.F. 


Returning to Fig. 1, we note in particular the 
effect of HF concentration on the slope of the E vs. i 
curve for Ti and on the value of i,. Even more im- 
portant is the beneficial effect of added NH,F in 
dilute HF solutions on the potential, polarization, 
and passivation current density for Ti, as illustrated 
by the difference between curves B and F. (KCI had 
a very minor effect on electrode behavior and was 
added to several electrolytes for the purpose of in- 
creasing conductivity.) Although i, was somewhat 
uncertain, enough values were at hand to allow an 
approximate evaluation to be made of its depend- 
ence on electrolyte composition. In Fig. 3, the pas- 
sivation current density is plotted against the con- 
centration of HF (with no NH,F), or against % 
NH,F at fixed HF concentration. NH,F exerts a 
beneficial influence up to about 5% in dilute HF 
(0.2N) but a deleterious effect at higher HF concen- 
trations. This is also clearly shown by curves D and 
G of Fig. 1. In 1N HF i, was reduced from 110 ma 
cm™* to 8.1 ma cm* by the addition of 20% NH,F. 
In NH,F solutions with no HF (except that arising 
from hydrolysis), i, was very low, e.g., 2.6 ma cm~ 
in 8% NH,F. 

Considering also the chemical corrosion of Ti 
which increases rapidly with HF concentration and 
is inhibited by NH,F, we conclude that the best 
electrolyte to be used with Ti is 0.075N HF con- 
taining 5-6% NH,Cl and about 0.1N KCl. For 
brevity this solution is designated solution A. The 
potential of Ti in solution A is —1.02 v (about 0.2 v 
more negative than Zn in the usual dry-cell electro- 
lyte) and remains below —0.8 v up to a current 
density of 28 ma cm”. 

This current density may be compared with typi- 
cal values at the Zn electrode in the Leclanché cell. 
During discharge of a fresh D-cell under 4-ohm 
load the anodic current density is about 6 ma cm”, 
and during operation of an ordinary 2-cell flashlight 
it is about 20 ma cm”. 


There were too few cases of passivity for Zr to 
permit the same kind of correlation between i, and 
electrolyte composition. Curve G of Fig. 2 shows, 
however, that the most satisfactory electrolyte for 
Zr from the standpoint of polarization was 0.075N 
HF with 8% NH,F. The addition of KCl caused no 
significant difference. In this electrolyte the poten- 
tial of Zr is superior to that of Zn (curve D, Fig. 2) 
in a solution containing 26% NH,Cl, 8.8% ZnCl, 
and a trace of HgCl, (a common dry-cell electrolyte) 
at all current densities up to 200 ma cm”. 


Corrosion 


The corrosion rates of Ti and Zr were measured 
in electrolytes which appeared promising from 
polarization studies and in several other solutions 
used in the experimental cells described later. Solu- 
tions were in contact with air at room temperature, 
but not stirred. The favorable effect of added NH,F 
on the corrosion of Ti by HF, previously reported 
(4), was confirmed. The rate for Ti in electrolyte A 
was 22 mdd, which, while not excessive, sets an 
upper limit of about six months on the life of a 
0.25-mm sheet anode in this electrolyte. 

On the other hand, Zr corroded rapidly in all acid 
fluoride solutions investigated, and the addition of 
NH,F was of no benefit. The rate was 6000 mdd in 
electrolyte A and 800 mdd in 8% NH,F alone. Small 
concentrations of Pb, Zr, and chromate ions reduced 
the corrosion rate in 0.1N HF, but not to a useful 
level. Na.Cr.O,; reduced significantly the corrosive- 
ness of H.SO, on Zr, the rate in the case of 80% 
H.SO,, 1% Na.Cr.O, being only 2.3 mdd. 


Anode Reaction 


The number of faradays to dissolve a mole of 
metal, z, when Ti or Zr was made the anode was 
measured over a series of current densities and with 
varying electrolyte composition. 

Electrolytes used with Ti were all mixtures of 
NH,F, KCl, and HF, containing from 4 to 8% NH,F, 
0.1N KCl, and from 0.075 to 0.1N HF. Current den- 
sities ranged from 1 to 20 ma cm”. There was no 
observable dependence of z on either composition or 
current density. The average of 16 measurements of 
z which lay between 3.93 and 4.18 was 4.04. 

Electrolytes used with Zr included 0.05 to 0.2N 
HF, 5 to 10% NH,F, mixtures of HF and NH,F, 
CuCl, FeCl,, NH,Cl, and HC! of several concentra- 
tions each. Current densities were higher than in 
the case of Ti in order to reduce the time required 
and thus the error due to chemical corrosion, rang- 
ing from 50 to 140 ma cm”. At 100 ma cm”, the 
anodic corrosion rate is 2 x 10° mdd. z did not de- 
pend on either composition or current density. The 
average of 14 measurements of z, which lay between 
3.25 and 4.44 was 3.90. 

It is clear that the only reaction of significance in 
these cases is oxidation of the metal to the tetra- 
valent state. Chemical corrosion during the meas- 
urements has the effect of reducing z below the 
actual value; this may account for the somewhat 
smaller average value for Zr, since in some electro- 
lytes the chemical corrosion rate was in the neigh- 


739 
Vol. 106, No. 9 
| 
100 
| 
| 
| 
; 
} 
| 
YX 
| 
q | | 
a 
| 
| 
| 
y 
af 
ise 


740 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


volts per cel 


amp min (Curves AC") 


Fig. 4. Characteristics of primary cells. Curve A, A’, Ti- 
0.07N HF, 0.1N KCI, 9% NH.AF, 1.6% H.SO,-PbO.; B, Zr- 
90% H.SO,, 1% Na,Cr.0;-PbO.; C, C’, Ti-soln. A-MnO,; D, 
Zr-soln. Soin. A 0.075N HF, 0.1N KCI, 6% NH,F. 
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Fig. 5. Effect of H.SO, on Ti and PbO, electrodes. Composi- 
tion given as ratio: vol. soln. A/vol. of 15% HSO,. Curve A, 
1/99; B, E, 25/75; C, F, 50/50; D, G, 75/75; H, 90/10; 
1, 99/1. 


borhood of 3% of the anodic corrosion rate. Oxygen 
was evidently not produced in a significant quantity. 


Primary Cells 

Cells were made in open beakers using Ti or Zr 
anodes and either PbO, or MnO, cathodes. The 
principal electrolytes used were solution A (0.075N 
HF, 6% NH,F, 0.1N KCl), mixtures of A with H,SO, 
and additional NH,F, H.SO,, and H.SO, containing 
Cr,O;. Th PbO, electrodes were made with com- 
mercial positive grids, pasted and formed in the 
laboratory according to the method described by 
Vinal (11). Representative data for four types of 
cells are shown in Fig. 4. Curves A through D were 
obtained by measuring the cell voltage during very 
short periods of discharge through a variable load. 
The drain is given by i,, the anodic current density. 
In all cases the cathode was of much greater area 
than was the anode. 

Curves C and C’ represent the behavior of a Ti- 
MnO, cell containing solution A. The open-circuit 
voltage was 1.75. When discharged at i,= 10 ma 
cm” the voltage remained about 1.4 for delivery of 
25 amp min, and dropped to 1.0 v at 39 amp min. 
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This corresponded to 81% utilization of the anode. 
The behavior of these cells was not very reproduc- 
ible, and the example cited here was representative 
of several of the best cells studied. Unfortunately, 
fluoride solutions affect MnO, electrodes deleter- 
iously, so that even the open-circuit voltage of such 
cells would fall to zero after 2 or 3 days. 

The use of PbO, in place of MnO, resulted in a 
much higher initial open-circuit voltage (2.2 to 
2.7 v). The addition of a small concentration of 
H.SO, to the electrolyte increased the PbO, poten- 
tial. Titanium became more positive with increasing 
H.SO, concentration, but the polarization charac- 
teristics were improved. These effects are illustrated 
by Fig. 5. However, the polarization of Ti with time 
during continuous discharge was more severe in 
solutions containing H.SO,. Thus we find that, al- 
though the voltage remained high for high drain of 
short duration (curve A, Fig. 4), the discharge 
characteristics were disappointing (curve A’). Much 
of the decrease in voltage during discharge was due 
to failure of the PbO. electrode in fluoride solution. 
At the end of the discharge, the PbO, single elec- 
trode potential had fallen from an original value of 
1.4 v to 0.6 v. 

Zr-MnO, cells containing solution A were similar 
(see curve D, Fig. 4) to the Ti cells except for the 
much greater chemical corrosion of the anode. Many 
cells of the type Zr-H.SO,-PbO. were tested, to 
several of which chromate was added to reduce 
corrosion. The performance of the best of these is 
illustrated by curve B, Fig. 4. Discharge character- 
istics were generally inferior to the Ti-PbO. cells. 

“Dry” cells were constructed from Ti tubing or 
Zr sheet, commercial MnO: electrodes, and a starch 
paste containing solution A. These cells polarized 
completely at low current density, probably because 
the polarization product was held mechanically in 
contact with the electrode, while in the open-beaker 
cells it was allowed to drop off. 

Other electrolytes used in experimental cells were 
chosen with the purpose of eliminating water or 
reducing its activity markedly in the hopes of 
avoiding the formation of oxide layers on the Ti or 
Zr electrodes. Fused hydrates of NaOAc, FeCl,, 
CaCl., and KF, and the nonaqueous solvents glacial 
acetic acid, fused alkali halides, fused KI, methanol, 
diethyl ether, nitrobenzene, SCl., S.Cl., formamide, 
acetone, acetic anhydride, and dioxane all gave un- 
satisfactory results. Cells containing H.SiF, in aque- 
ous solution were moderately successful but cor- 
rosion was severe. 


Polarization Product 

The nature of the product responsible for polari- 
zation of Ti in solution of HF and NH,F was not 
ascertained. Colors commonly observed on polarized 
electrodes were black, blue, or white and were due 
to material which could be readily scraped off. 
X-ray diffraction photographs of four products ob- 
tained under different conditions showed that no 
two were identical, nor were any to be identified 
with compounds for which data are tabulated by 
ASTM (12). While TiO, is undoubtedly a major 
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component of the polarization product under many 
conditions, in no case studied did it appear as a 
pure product. 
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Investigation of the Electrochemical Characteristics 
of Organic Compounds 


IV. Quinone Compounds 


R. Glicksman and C. K. Morehouse 
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ABSTRACT 


A study of the electrochemical characteristics of various quinone compounds 
shows that the cathode potential of these compounds during current flow is 
dependent on the type and position of substituent groups in the molecule, the 
PH of the electrolyte, and the nature of the quinone itself. Experimental data 
are presented for dry cells containing 2,5-dichloro-p-quinone and p-quinone- 
dioxime as cathodes coupled with a magnesium anode. 


Most oxidation and reduction reactions in organic 
chemistry are irreversible. An exception to this is 
the group of reactions involving quinoid-benzenoid 
equilibria. One of the best known of these is the 
quinone-hydroquinone system, whose potential has 
been reported by Hovorka and Dearing (1) to be 


OH 


E°. +0699 [1] 
OH 
In this paper the effect of such factors as group 
substitution, aromaticity, and pH on the operating 
potential and coulombic capacity of various quinone 
compounds are presented and their use as cathode 
materials in primary cells is considered. 


Experimental Data and Discussion of Results 
Apparatus and Technique 


A technique, previously described (2), has been 
used to measure the operating potential during cur- 
rent flow and the coulombic capacity of the various 
quinone-type compounds. This technique consists in 
discharging at a constant current drain of 0.005 
amp/g, in a large volume of electrolyte, a 0.5-g sam- 
ple of the quinone-type cathode material mixed with 
0.05 g of Shawinigan acetylene black. The change in 
cathode potential with time was measured with a L&N 
type K potentiometer using a saturated calomel ref- 
erence electrode. The measured potentials were cor- 
rected for the IR drop associated with the apparatus 
and electrolyte by means of an oscillographic tech- 
nique (3). 


ae 
‘ae 
on 1 
A 
oy 
7 
"te 
a: 
" 
a2 


742 


All half-cell potential data reported in this paper 
are referred to the normal hydrogen electrode and 
include a liquid junction potential, which in most 
cases is small and can be neglected. For most of the 
measurements an aqueous magnesium bromide elec- 
trolyte and a magnesium anode were used, while in 
studying the effect of pH on potential, a zinc anode 
was employed with the acidic NH,Cl-ZnCl,-H.O and 
basic NaOH-H.O electrolytes. 


Half-Cell Potential Studies 

Effect of aromaticity.—Figure 1 gives half-cell dis- 
charge curves for a series of quinones derived from 
benzene and other polynuclear hydrocarbons. The 
ortho quinones have higher operating potentials than 
their corresponding para quinone compounds. In ad- 
dition, both the ortho- and para quinones show a 
marked dimunition in cathode potential as one goes 
to the bicyclic and tricyclic quinone compounds. For 
example, a comparison of p-quinone with its corre- 
sponding naphthoquinone indicates a difference in 
potential of 200-300 mv, in agreement with standard 
potential measurements. Fieser and Fieser (4) at- 
tribute the markedly diminished energy content of 
the bicyclic compounds to the fact that the quinoid 
double bond is incorporated in the aromatic nucleus 
and hence is relatively inert. In anthraquinone both 
the otherwise reactive quinoid double bonds partici- 
pate in benzenoid ring systems and the potential of 
the quinone is lower yet. Similarly, because of the 
higher energy content of the orthoquinones as com- 
pared to the isomeric paraquinones the standard po- 
tentials of the ortho compounds are 85-95 mv higher. 

If the standard potentials of a series of quinones 
are compared, the change in potential will be de- 
pendent on the change in free energy in going from 
the quinone-hydrogen system to the hydroquinone, 
according to the following equation 
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It has been found that the temperature coefficient of 
the standard potential is approximately the same for 
a large number of quinones and is equal to about 
0.7 mv/deg. This temperature coefficient, which cor- 
responds to an entropy change of —32 cal/deg for 
the hydrogenation of a quinone, corresponds roughly 
to the entropy of the mole of hydrogen lost in the 
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Fig. |. Half-cell potential studies of various ortho and para- 
quinone compounds discharged at a rate of 0.005 amp/g in 
250 g/! MgBr.:6H,O electrolyte 
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reaction. Thus the change in potential in a series of 
quinoncs will represent the change in the relative 
heat contents of the quinone and hydroquinone 
through the series (5). The change in bond energies 
in the reduction represented by Eq. [1] is the same 
for all quinones and is small compared to the ben- 
zene resonance energy gained on the hydroquinone 
side. Thus it would be expected that resonance ef- 
fects would be a controlling factor in the magnitude 
of the potential. Since the largest contribution to the 
resonance energy is due to the equivalent Kekule 
forms, the relative numbers of such equivalent forms 
may be used as a quantitative estimate of the rela- 
tive energy of the oxidized and reduced forms. 

The relationship between the number of contribut- 
ing resonance forms in the quinone and hydro- 
quinone and the standard potential of the system has 
been demonstrated by Branch and Calvin (5). They 
obtained a straight line relationship between the 
standard potential of para quinones and the ratio of 
the contributing forms n,/n,.' A still better relation- 
ship was obtained when the expression (n, — n,)/ 
(n, + n,) was used instead of the simple ratio and 
when allowance was made for steric and ortho effects 
in quinones of polynuclear structure. Similarly, Ber- 
liner (6) computed the difference in empirical reso- 
nance energies of a number of quinones and their re- 
spective hydroquinones from known experimental 
data and found a linear relationship exists between 
the oxidation-reduction potential and the difference 
in resonance energies of the quinones and the re- 
spective hydroquinones. 

To test the above relationship for electrodes un- 
dergoing discharge, the cathode potentials of the 
quinones after 1 amp-min of discharge were plotted 
vs. (n, — n,)/(n, + n,), as shown in Fig. 2. In agree- 
ment with the results of Branch and Calvin a straight 
line relationship was found between the potential 
and the ratio of the number of resonance forms in the 
quinone and hydroquinone compounds. In addition a 
similar line is obtained for the orthoquinones but 
displaced upward about 0.1 v and parallel to the 
paraquinone line. 

‘nm, and na are the number of forms of the quinone and hydro- 
quinone. For p-quinone there is only one such form, while in 
hydroquinone there are two Kekule forms. In 1, 4-naphthoquinone 


there are two, while in the corresponding hydroquinone there are 
three. 
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Fig. 2. Relationship between the number of contributing 
resonance forms in the quinone and hydroquinone and the 
half-cell potential as measured at a rate of 0.005 amp/g in 
250 g/! MgBr,-6H.0 electrolyte. 
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Fig. 3. Effect of group substitution on the cathode potential 
of p-quinone and N-chloro-p-quinoneimine discharged at a rate 
of 0.005 amp/g in 250 g/! MgBr.-6H.O electrolyte. 


Effect of group substitution.—Presented in Fig. 3 
are discharge curves for various para quinone and 
chloroimide compounds illustrating the effect of sub- 
stituent groups on the operating potential of these 
compounds. It is seen that an electron-attracting 
halogen group raises the potential while an electron- 
repelling methyl group lowers the potential of the 
parent compound. This type of effect closely parallels 
the effect of these constituents on the standard po- 
tentials of quinones, as well as on the operating po- 
tential of aromatic nitro compounds (7). 

The effect of substituent groups on the standard 
potentials of quinone compounds has been studied 
extensively by Fieser (8,9). Most of the determina- 
tions were carried out in alcoholic solution, but the 
results would be expected to apply closely to aqueous 
solutions. In general, it was found that electron- 
attracting groups, such as -NO., -CN, -COOH, and 
halogens, raise the potential of the parent quinone, 
whereas a potential-lowering effect is exerted by 
electron-repelling groups such as -NH., -OH, and 
-CH,. This is in agreement with the data presented in 
Fig. 3. These relationships are those expected from 
the course of aromatic substitutions. Electron-at- 
tracting groups tend to decrease the electron density 
in the vicinity of the oxygen atoms and thus to in- 
crease the attractive power of the system for ex- 
ternal electrons, rendering the compound a stronger 
oxidizing agent. Conversely electron-repelling sub- 
stituents decrease the affinity for electrons and hence 
lower the potential. 


When the substituent is not in the quinoid ring its 
effect is much smaller and depends to a large extent 
on its position with respect to the quinoid ring. For 
example, Fieser (8) has shown that substituents in 
the 1 or 3 position of phenanthrenequinone have a 
considerable effect on the potential of phenanthrene- 
quinone while in the 2 or 4 positions they are prac- 
tically ineffective. The importance of the position 
of substituent group on the electrode potential of an 
organic compound has also been shown for both aro- 
matic nitro (7) and nitroalkane compounds (10), 
and it depends essentially on its effect in altering 
the electron density in the vicinity of the reducible 
group. 

Effect of electrolyte pH.—For the quinone-hydro- 
quinone system the variation of the oxidation-reduc- 
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Fig. 4. Effect of pH on the cathode potential of p-quinone 
and 2, 5-dichloro-p-quinone when discharged at a rate of 
0.005 amp/g in various electrolytes. O—25% NH,CI, 20% 
ZnClz, 55% H,O; A—14% MgBrz, 86% H.0O; D—30% 
NaOH, 70% H.O, saturated with ZnO. 


tion potential with hydrogen ion concentration is 
relatively simple in acidic electrolytes, but in alka- 
line solutions allowance must be made for the ioniza- 
tion of hydroquinone, which can function as a di- 
basic acid. Thus in acidic electrolyte dE/d(pH) 
0.059 for this system, while at pH’s higher than about 
8 the slope of the potential-pH curve becomes 0.030 
to a pH of approximately 11 and is zero in more 
alkaline solutions (11). 

Taking into account the effect of pH on potential, it 
is seen from Fig. 4 that both p-quinone and 2,5-di- 
chloro-p-quinone have initial operating potentials 
close to their reversible values in the NH,Cl-ZnCl, 
(pH = 4.5) and MgBr.(pH = 8.2) electrolytes. Simi- 
larly, the initial operating potentials of the quinone 
compounds previously presented in Fig. 1 and 3 are 
also reasonably close to their reversible values in the 
magnesium bromide electrolyte. However, in the 
strongly alkaline sodium hydroxide electrolyte, the 
operating potentials of p-quinone and 2,5-dichloro- 
p-quinone show a considerable deviation from their 
reversible values. This is attributed to the decom- 
position of both the quinone and hydroquinone by 
atmospheric oxygen in this alkaline electrolyte (12). 

Various N-analogues of quinone.—-In addition to 
the various quinone compounds discussed above 
there are a number of analogous organic compounds 
containing quinoid structures which are of scientific 
interest. Many of these compounds are employed as 
oxidation-reduction indicators in biological applica- 
tions. Presented in Fig. 5 are discharge curves of 
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Fig. 5. Half-cell potential studies of various quinone-type 
compounds discharged at a rate of 0.005 amp/g in 250 g/I 
MgBr:°6H:O electrolyte. 
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three typical indicators, indophenol-Na salt (indo- 
phenol group), neutral red (azine group), and 
methyl violet (triphenylmethane group). As with 
the other quinones both indophenol-Na salt and neu- 
tral red operate at potentials close to their theoretical 
values (13) after corrections are made for the pH of 
the solution. 

Also shown in Fig. 5 are discharge curves of three 
other N-analogues of p-quinone, which contain in 
addition to the quinoid structure additional reducible 
groups in the molecule. Of the three, N-chloro-p- 
quinoneimine which contains a positive halogen and 
p-quinonedioxime with two reducible oxime groups 
are of the most interest, as the amine oxides in N,N’ di- 
pheny!-p-quinonediimine-N,N’-dioxide are reduced 
very difficultly (14,15). Only the N-chloro-p-qui- 
noneimine compound has a higher operating poten- 
tial than p-quinone and, as evidenced by the data 
in Fig. 3 for 2,6-dibromo-N-chloro-p-quinoneimine, 
it would appear that the effect of substituent groups 
on the operating potential of chloroimides is similar 
to that of the quinones. 


Capacities of Quinone Compounds 

Presented in Table I are theoretical capacities and 
electrode efficiencies of various quinone-type com- 
pounds as calculated from the half-cell discharge 
data in Fig. 1, 3, and 5. It is seen that on the basis 
of theoretical capacity in ampere-minutes per gram 
the quinone compounds are superior to manganese 
dioxide, the cathode material now used in conven- 
tional Leclanché dry cells. However, because of the 
low densities and poor electrode efficiencies of these 
organic compounds a manganese dioxide cathode 
would give markedly superior performance when 
rated on the basis of ampere-minute output per cubic 


Table |. Theoretical capacities and electrode efficiencies of various 
qui compounds discharged in 250 MgBr.-6H.O 
electrolyte at a rate of 0.005 amp/g 


Capacity, amp-min/g 


Effi- 
Theo- ciency, 
Compound retical Actual* % 
Manganese dioxidet 18.5 10.3 65.6 
p-quinones 
p-quinone 29.8 6.4 21.5 
1, 4-naphthoquinone 20.4 5.8 28.4 
anthraquinone 15.5 
p-toluquinone 26.4 46 174 
2, 5-dichloro-p-quinone 18.2 17.2 94.5 
o-quinones 
1, 2-naphthoquinone 20.4 2.3 11.3 
phenanthrenequinone 15.5 6.5 41.9 


N-Analogues 
N-chloro-p-quinoneimine 
N-chloro-p-quinoneimine 
2, 6-dibromo-N-Chloro-p- 

quinoneimine 
2, 6-dibromo-N-Chloro-p- 
quinoneimine 
p-quinonedioxime 
N, N’-diphenyl-p-quinone- 
diimine-N, N’-dioxide 11.1(2) 6.6 59.5 
indophenol-Na salt 14.6 2.8 19.2 


45.5(4)t 104 22.9 
22.8 (2) 10.4 45.6 


21.5(4) 9.6 44.7 


10.8 (2) 96 88.9 
69.9(6) 65.2 93.3 


0.40 v. 


* Capacities calculated on basis of an end voltage of 
t Electrolytic manganese dioxide (85% MnO, content). 
t Values in parentheses indicate the electron change. 
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centimeter. As seen from the half-cell potential data 
in Fig. 4 the use of a more acidic NH,Cl-ZnCl, elec- 
trolyte has no appreciable effect on the electrode 
efficiency of the quinones, and no advantage could be 
gained for the organic compounds in going to this 
electrolyte. 

More promising for use as cathodes in primary 
cell applications are some of the quinones which 
contain reducible groups in addition to the quinoid 
structure. These compounds not only have higher 
theoretical capacities than the quinones but also 
operate at higher electrode efficiencies. Of particular 
interest is p-quinonedioxime which has a theoretical 
capacity of 69.9 amp-min/g and which operates 
under these conditions of discharge at an electrode 
efficiency of 93.3%. On the basis of these results and 
the polarographic data of Elofson and Atkinson (16) 
it is believed the over-all reduction of p-quinone- 
dioxime takes place with a 6 electron change, the 
actual reduction probably proceeding through the 
intermediate diimino stage as shown here: 


NOH NH 


Experimental Dry Cell Data 

The use of quinone compounds in primary bat- 
teries was suggested previously by Arsem (17) who 
referred to the coupling of a zinc anode with an 
organic oxidizing agent such as quinone. More re- 
cently Tripler and McGraw (18) evaluated tetra- 
chloroquinone as a cathode material in both acid and 
basic electrolyte using zinc and lead anodes. In the 
present study the quinones were coupled with a 
magnesium anode to take advantage of the higher 
potential of this electrode. 

Experimental dry cells containing 2,5-dichloro-p- 
quinone and p-quinonedioxime cathodes were as- 
sembled in the usual manner using an impact ex- 
truded magnesium AZI10A alloy AA-size can as 
anode, and a 500 g/l MgBr.-6H.O electrolyte. The 
cathode mix (weighing approximately 4.5 g) con- 
sisted of one part by weight of the quinone com- 
pound to two parts by weight of Darco carbon black 
G-60. 

Performance characteristics of these cells on a 4- 
and 50-ohm continuous discharge test are shown in 
Fig. 6. Included for comparison are performance 
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Fig. 6. AA-size dry cells discharged continuously through 
4- and 50-ohm resistances at 70° +2°F. (50% RH). 
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data for comparable-size commercial Leclanché and 
magnesium-manganese dioxide dry cells (19) of the 
type being developed by the Dow Chemical Com- 
pany. It is seen that the performance of the mag- 
nesium-p-quinonedioxime cell is superior to the Le- 
clanché cell on both these tests, while the magne- 
sium-2,5-dichloro-p-quinone cell performs better 
only on the higher current drain test. Compared to 
the magnesium-manganese dioxide cell, the quinone 
cells give inferior performance on these tests. How- 
ever, the flat voltage discharge curve of the p-qui- 
nonedioxime cell is advantageous for some applica- 
tions. 
Summary 

An investigation of the electrochemical character- 
istics of various quinone-type compounds show these 
compounds to operate close to their reversible values 
during current flow. The operating potential of these 
compounds has been found to be dependent on the 
type and position of the substituent groups in the 
molecule as well as the pH of the electrolyte, elec- 
tron-attracting groups and low pH’s favoring higher 
potentials. The operating potential of the quinones 
is also dependent on the nature of the compound; for 
example, the ortho quinones operate at potentials ap- 
proximately 0.1 v higher than their isomeric para 
quinones, while a decrease in potential is found as 
one goes to bicyclic and tricyclic members in any 
given series. 

Compared to the conventional inorganic cathode 
materials the quinone compounds, in general, are not 
as good. However certain quinone-type compounds 
containing other reducible groups in the molecule, 
such as p-quinonedioxime, show some advantages 
when coupled with a magnesium anode in a mag- 
nesium bromide electrolyte. 


CHARACTERISTICS OF ORGANIC COMPOUNDS 


Manuscript received Feb. 13, 1959. This paper was 


popes for delivery before the Ottawa Meeting, Sept. 
28-Oct. 2, 1958. 


_ Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1960 JouRNAL. 
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The Cathodic Reduction of Manganese Dioxide 
in Alkaline Electrolyte 


N. C. Cahoon! and M. P. Korver 


Research Laboratories, National Carbon Company, Division of Union Carbide Corporation, Cleveland, Ohio 


ABSTRACT 


A study of the mechanism of the reduction of manganese dioxide in 
strongly alkaline electrolytes has shown that the rather complex process may 
be considered as occurring in three steps. The first is the simultaneous reduc- 
tion to form a divalent manganese compound, presumably, Mn(OH). and an 
intermediate oxide tentatively identified as Mn,O;; the second step is the elec- 
trochemical reduction of Mn,O; to form both Mn,O, and Mn(OH),; the final 
step is the electrochemical reduction of Mn;O, to Mn(OH):. Both chemical and 
x-ray diffraction analyses of cathodes at various stages of reduction are pre- 


sented. 


The cathodic reduction of manganese dioxide in 
Leclanché cells (1) has been examined previously 
and a mechanism proposed to account for the ex- 
perimental observations. The need of a similar ex- 
amination of the cathodic reduction of MnO, in 


1 Edgewater Development Laboratories, National Carbon Com- 
pany, Cleveland, Ohio. 


alkaline electrolytes was recognized some years ago. 
Accordingly, a study was undertaken to determine 
the mechanism of the reaction when MnO, is used 
as the cathodic depolarizer in an alkaline cell. The 
approach to this problem followed the lines of earlier 
studies in that the products of the cathodic reduc- 
tions were separated into two fractions by a differ- 
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Table |. Extent of reaction of cathodes of experimental alkaline cells during the course of discharge 
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Actual 
Initial Theoretical* electrical 
free MnO: capacity, output, 
Cell No. content, g amp min amp min 


Output equivalent to Mn"! 


Output associated 
Amount % of with insoluble Last cell 
present, total cathode product, reading, 
amp min output amp min v 


1 0.5938 14.64 2.22 
2 0.5174 12.78 4.14 
2a 0.6029 14.88 4.20 
3 0.4642 11.46 6.12 
4 0.5292 13.08 8.09 
5 0.5342 13.20 9.39 
6 0.3949 9.78 8.87 


1.16 52.3 1.06 1.26 
2.41 58.2 1.73 1.19 
1.71 40.3 2.49 1.20 
3.79 61.9 2.33 1.09 
5.06 63.7 3.03 1.03 
5.11 54.5 4.28 0.96 
3.25 37.6 5.62 0.63 


ence in solubility. The soluble and insoluble fractions 
were studied separately by both chemical and 
physical methods. This paper presents some signifi- 
cant results obtained in the course of the work. 


Experimental 

A series of experimental cells was prepared from 
electrolytic grade MnO,, acetylene black, and an 
electrolyte containing 7.6N KOH. An excess of 
amalgamated powdered Zn was used in a com- 
pressed pellet as the anode, and an adequate supply 
of electrolyte was provided so that the cathodic 
depolarizer would be the only service limiting factor. 
The composition of a representative cell follows: 
electrolytic MnO, 0.5128 g, acetylene black 0.1923, 
KOH (7.6N) 0.2949, amalgamated Zn 4.0 (approxi- 
mately). The parts of the cells were assembled in a 
bench-type cell of a circular cross section with a 
cross-sectional area of 2.58 cm’* (0.40 in.*). A cellu- 
losic separator 0.0208 cm (0.0082 in.) thick was 
employed. The cell was closed with a close-fitting 
plunger and throughout the test the unit was main- 
tained under a mechanical pressure equivalent to 
4.32 kg/cm* (61.5 lb/in.*) of cell area. A continuous 
load of 30 ohms was placed across the cell, and cell 
voltage readings were taken periodically with a 
recording voltmeter. 

One cell was removed after each of the following 
service levels had been reached: 2.20, 4.14, 4.19, 
6.12, 8.09, 8.87, and 9.39 amp min. Immediately 
following the removal from test, the cell was quickly 
dismantled and the cathode mix was suspended in 
500 cc of an aqueous solution of 25% NH,Cl. The pH 
of this suspension was quickly measured and %*%N 
HCl added with adequate stirring to reduce the pH 
to 5.4. The suspension was stirred mechanically for 
2 hr at room temperature to permit the solution of 
any divalent manganese that may have been formed 
in the cell discharge. Previous studies had shown 
that MnO,, Mn,.O,-H,O, and Mn,O, are all stable 
under these conditions and that substantially no 
complicating reactions would occur at this pH. 
Following the leaching operation, the residue was 
separated from the filtrate and thoroughly washed. 
The combined washings and filtrate were made up 
to one liter and aliquot samples of 100 ml were 
analyzed for manganese content by the method of 
Lingane and Karplus. (2) 

The residue was dried at 100°-110°C and then 
subjected to examination by standard x-ray diffrac- 


* The theoretical capacity is calculated on the basis of the reduction of the free MnO: to MnsQx,. 


tion techniques to identify the solid phases remain- 
ing in the cathode. Another portion of the residue 
was analyzed for available oxygen and total man- 
ganese contents by conventional analytical methods. 


Discussion 
The discharge curve characteristic of this group 
of cells is shown in Fig. 1. Cells 1 to 5 gave substan- 
tially the same discharge curve as shown by the 
upper line in Fig. 1, while cell 6, which had a some- 
what smaller cathode but was otherwise the same 
as cells 1 to 5, gave a discharge curve shown by the 
lower line in the same figure. Data obtained from 
the discharge of the ceils and analyses of the soluble 
portion of the depolarizers are given in Table I. The 
conditions used for leaching the discharged cathodes 
were chosen so that any divalent manganese, pre- 
sumably present as manganous hydroxide, would be 
dissolved. The amounts of divalent manganese 
leached from the cathodes in this manner have been 
calculated to equivalent ampere minutes on the 

basis of the following reaction: 


MnO, + 2e + 2K* + 2H,O 
Mn(OH).+2KOH [1] 


From this reaction 1 amp min of energy results from 
the reduction of 0.027 g MnO, to form 0.0173 g of 
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Fig. 1. Discharge curves of experimental alkaline cells 
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Table II. Composition of the insoluble cathode products during discharge of experimental alkaline cells 


Amount 
free MnOz 
converted to 
Mn (OH), g 


Amount Chemical composition of insoluble cathode product 
free MnOz — 

in insoluble xin Free 

cathode product, g MnOs, % Mn, % MnOx MnOsz, % 


55.33 
55.04 


Initial depolarizer content 
Weight, g Free MnOsz, 2 


Cell No. 


0.5938 
0.5174 
0.6029 
0.4642 
0.5292 
0.5342 
0.3949 


0.7056 
0.6148 
0.7164 
0.5516 
0.6288 
0.6348 
0.4692 


0.5625 
0.4523 
0.5568 55.52 39.88 
0.3619 51.42 39.62 
0.3927 

0.3962 42.79 36.66 
0.3071 26.55 42.91 


40.21 
39.83 


1.879 
1.883 
1.888 
1.819 


47.04 
47.05 
47.94 
40.16 


27.57 
None 


1.738 
1.391 


Note: The electrolytic MnO: used in these tests contained 86.36% total MnO», 55.89% total Mn which can be calculated to 84.16% free 


MnO,. 


Table III. Relationship between the insoluble 
reaction product and the electrical output 


Remaining depolarizer 
Initial Free 


depolarizer converted to SR Percent Free MnO: 
weight,g Mn(OH)e,g Weight,g freeMnO: content, g 


Cell No. 


0.3172 
0.2586 
0.3213 
0.1804 


0.6743 
0.5497 
0.6702 
0.4493 
0.4923 
0.4968 0.1370 
0.3814 
Amount 
free MnO, Free 
in insolu- present 


ble cathode atend 
product, g of test, g 


Free MnO: 
consumed 
per amp 
min, g 


Free MnO, Output 
consumed obtained, 
in test, g amp min 


0.2314 
0.1120 
0.0946 
0.0779 


0.2453 1.06 
0.1937 1.73 
0.2355 2.49 
0.1815 2.33 


0.5625 
0.4523 
0.5568 
0.3619 


0.3172 
0.2586 
0.3213 
0.1804 
0.3962 0.1370 
0.3071 


0.2592 4.28 
0.3071 5.62 


0.0606 
0.0546 


manganese as manganous hydroxide. The propor- 
tion of the total output in ampere minutes repre- 
sented by the manganous hydroxide found and cal- 
culated on the above basis is shown in Fig. 2. It is 
evident from these data that while about half the 
reaction product is in this form, a sudden decrease 
in the proportion occurs between 8.09 and 9.39 amp 
min output. However, the finding that Mn(OH),. 
constitutes a large proportion of the cathodic re- 
duction product is not in accord with previously 
published data (3) which indicate that the product 
is an orange-red Mn.O,.* 


2 We are unable to rationalize these earlier data with our findings. 
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Fig. 2. Proportion of divalent manganese found in the cath- 


odic reaction product as a percentage of the total cell output 
throughout the test. 


Table I shows the depolarizer contents of the five 
experimental cells in terms of the free MnO.’ content 
and the equivalent theoretical cell output if all this 
MnO. were converted to Mn,O, according to the fol- 
lowing cathodic reaction: 


3MnO, + 4K’ + 4e + 2H,O> Mn,O, + 4KOH [2] 


In this way 0.0405 g of MnO. provides 1 amp min of 
energy. This basis has been used for general cal- 
culation of cell output since work in this laboratory 
had previously shown that a variety of MnO, types 
was, at least in part, reduced to this compound. 
Table I also shows the actual electrical output of 
each cell as well as that portion of the output in 
equivalent ampere minutes that can be accounted 
for by the formation of Mn(OH).. The ampere 
minute output which must therefore be associated 
with a change in composition of the insoluble resi- 
due is listed. Table II also shows the compositions of 
these cathode residues. Table III combines the data 
of Tables I and II and shows the amount of free 
MnO. consumed per ampere minute for that portion 
of the output associated with the formation of the 
insoluble cathodic product. The values obtained are 
calculated on the assumption that only a single in- 
soluble reaction product is formed in each case. By 
comparison of these values with the amounts of 
MnO, consumed per ampere minute for the reduc- 
tion to the various lower oxides, some helpful cor- 
relations may be found. Thus, in reaction [2] 0.0405 
g MnO. is required per ampere minute to form Mn,O,. 
Similarly 0.027 g MnO, (reaction [1]) and 0.054 g 
MnO, are needed per ampere minute to form Mn 
(OH), and Mn.O,, respectively. 

Figure 3 shows the ampere minutes per gram of 
free MnO, lost by the residue plotted against the 
ampere minute output associated with this residue 
taken from the last two columns in the second part 
of Table III. The values fall on a smooth curve 
which approaches the value of 0.0405 characteristic 
of reaction [2]. However, the three intermediate 
values for cells 2, 2a, and 3 fall too close to one 
another to attribute to experimental error. One 
possible cathodic reaction that gives a value ap- 
proaching these points is the following: 


4MnO, + 2K + 2e + H.O> Mn,O, + 2KOH [3] 
This reaction consumes 0.108 g MnO./amp min 


which is not too far from the 0.112 g/amp min ob- 
tained from cell 2. 


% Free MnO, is the amount of MnO, in the depolarizer available 
to react electrochemically. 
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Fig. 3. Relationship between free MnO: consumed per 
ampere minute in the insoluble cathodic product and the ex- 
tent of discharge. 


100 
90r 

80r 

® 
o® 
50r 

30Fr 
10 


OF THE CELL OUTPUT 


DISSOLVED Mn” as A PERCENT 


ISi4isizuw 6 5 


CLOSED CIRCUIT VOLTAGE 


Fig. 4. Relationship between the proportion of divalent man- 
ganese found in the cathodic reaction product and the last 
cell voltage reading. 


Data for cell 6, shown in Tables I, II, and III, 
differ somewhat from that for cells 1 to 5. A lower 
discharge curve for cell 6 is shown in Fig. 1, and it 
will be noted that the closed circuit voltage of this 
unit fell to 0.63 v at the time the test was termi- 
nated. The lower voltage of cell 6 probably is the 
result of the smaller quantity of depolarizer con- 
tained in the unit as shown in the tables. When the 
amount of the cell output represented by the diva- 
lent manganese removed from the cathode is plotted 
on Fig. 3, the point is somewhat lower than the 
curve given by the data of cells 1 to 5. At this time 
it appears that the fact that the discharge progressed 
relatively so much farther in cell 6 than in cells 1 
to 5 is probably responsible for this situation. Added 
evidence to this viewpoint is given by Fig. 4 where 
there is a sharp break in the curve relating Mn" as 
a per cent of total output to the last closed circuit 
voltage reading. 

From a consideration of the results of these anal- 
yses of the cathode residues, it is concluded that 
the intermediate oxide is probably Mn,O,;. However, 
the evidence we have presented for the existence of 
this manganese oxide needs further confirmation. 
The fact that it is cathodically reduced to Mn,O, is 
not unknown with other manganese oxides. For ex- 
ample, Mn.O,-H.O when used as the sole depolarizer 
in experimental cells similar to those used in these 
tests is electrochemically reduced to Mn(OH), and 
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Mn,O, simultaneously. On the other hand, Mn.O, on 
reduction yields only Mn(OH).. 

The identification of the insoluble cathodic prod- 
uct may also be studied by x-ray diffraction methods 
since many oxides of manganese possess character- 
istic patterns. The difficulties inherent in a precise 
comparison of a possible mixture of manganese 
oxides are well recognized. However, the results of 
such a study often yield valuable primary and con- 
firmatory evidence for the existence of a particular 
solid phase and thereby indicate the reaction by 
which it may have been formed. A close examina- 
tion of Fig. 5 showing the actual diffraction patterns 
of the insoluble residues from the experimental 
cells shows some rather startling differences. The 
original electrolytic MnO, is a typical gamma struc- 
ture with the characteristic gamma “hump” and 
additional characteristic lines. From Fig. 5 it is 
evident that the shape of the gamma hump changes 
during the cell discharge from a rounded to a nearer 
square shape with a wider base and in the last pat- 
tern it almost disappears. The charts given in Fig. 5 
indicate that each of the so-called gamma humps 
are topped by a number of small peaks located at 
specific “‘d”’ values. It could be interpreted that the 
gamma hump itself is only the result of the near 
coincidence of these specific peaks and many peaks 
of lesser intensity which are interspersed among 
them. Attention is drawn to a comparison of the “‘d” 
values from 3.0 to 6.0 for the six diffraction patterns. 
In trying to compare such patterns, considerable 
care must be taken to avoid misinterpreting ran- 
dom variations in the background counting rate or 
instrumental hunting as actual but small individual 
peaks. However, the remarkable regularity shown 
in the “d” values of the specific lines which occur in 
several of the gamma hump patterns in Fig. 5 
strongly suggest the predominant peaks could rep- 
resent true diffraction lines. 
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Fig. 5. X-ray diffraction patterns of insoluble cathode prod- 
ucts at various levels of discharge. 
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CATHODIC REDUCTION OF MnO, 


Table !V. D values of x-ray diffraction patterns of MnO, shown in Fig. 5 


Electrolytic 
Cell 1 


a 


3.60 
3.53 
3.51 
3.49 
3.45 
3.43 
3.35 
3.29 
3.24 
3.13 
3.02 
3.00 
2.91 
2.79 
2.71 
2.69 
2.55 
2.51 
2.42 
2.40 
2.35 
2.28 
2.22 
2.18 
2.15 
2.13 


w 


_ 


Ne 


| 
AW 


CODD 


POH 


Note: I indicates the relative intensity of the lines and is a measure of the height of divisions above the background. 


It seems clear from Fig. 5 that the relatively 
simple diffraction pattern of the original electrolytic 
MnO, becomes much more complex as the discharge 
proceeds. It is quite easy to identify the major new 
component in cell 6, which was discharged to the 
lowest voltage, as Mn,O,. There is some evidence of 
the characteristic diffraction pattern lines of this 
material in the chart for cell 4 also, thus indicating 
that Mn,O, begins to form after the cell reaches the 
0.9-1.0 v level. However, it is in the intermediate 
range of discharge that the real question arises as 
to what insoluble cathodic product is present. 

In view of the crystallographic difficulties in- 
volved in interpreting the significance of the gamma 
band in the pattern of electrolytic MnO., it seems 
unwise to attempt to assign exact diffraction spac- 
ings to the new phase which developed during the 
cell discharge. More extensive data would be re- 
quired to establish the presence of such a new 
phase. Therefore, attention is drawn to the fact that 
a group of diffraction lines appears in the “d” value 
region of 3.7 to 3.3 which could be associated with 
the presence of the intermediate oxide tentatively 
designated Mn,O;. Added emphasis to this general 
point of view is furnished by the fact that some of 


these diffraction lines become reduced in intensity 
as the discharge proceeds and Mn,0O, is formed. An 
alternative explanation of these new diffraction 
lines would be that they might represent a solid 
solution of certain reduced manganese compounds 
in manganese dioxide. No conclusive evidence for 
solid solutions of manganese oxides in Leclanché 
dry cells has been published although the concept 
of a solid solution has been suggested in the absence 
of definitive data. 

Perhaps the most complete analysis of the x-ray 
diffraction patterns of gamma MnO, is that of Cole, 
Wadsley, and Walkley (4) who postulate gamma, 
gamma I, and gamma II varieties. Their analysis of 
the gamma I type, electrolytic MnO., gives only 
the 3.94, 2.57, 2.41, 2.33, 2.11, 1.62, 1.41, and 1.37 
lines. The 3.94 line apparently refers to the peak of 
the gamma band mentioned earlier in this paper. 
From the data presented in Fig. 5 and Table IV, 
there seems to be no indication that a change from 
the electrolytic MnO, to either of the other phases 
described by Cole, Wadsley, and Walkley occurs in 
the discharge of the experimental cells. The diffrac- 
tion spacings presented in this paper do not conform 
with any of the patterns of reduced manganese 


5.03 4.77 4.69 3 4.62 
4.90 4.44 4.47 6-7 4.51 
4.86 4.30 4.44 5 4.21 
4.25 4.24 4.15 3 4.11 
a3 4.07 4.12 4.12 10 4.09 
i 3.97 4.07 -7 4.09 5-6 3.97 ce 
3.89 4.02 4.00 
3.81 3.92 4.07 10 3.95 
| 3.79 3.82 3.97 10-11 3.79 ae 
va 3.69 3.74 3.92 10 3.76 es | 
3.55 3.65 3.84 8-9 3.69 
3.37 3.62 3.76 3.65 
3.29 3.67 3.58 
3.09 3.65 3.51 
2.91 3.60 3.49 
2.78 3.51 3.41 3.08 14 
2.55 3.49 3.37 3.03 14 
2.49 3.41 3.29 2.97 4 
t 2.43 | 3.29 3.17 2.87 15 eee 
2.41 3.24 3.03 2.78 18 
2.35 3.20 2.97 2.69 18 
if 2.32 3.12 2.84 2.48 47 ae 
; 2.22 3.00 2.76 235 5 

5 2.13 2.86 2.71 2.31 5 cae 
2.12 2.84 2.61 2.27 7 
2.76 2.60 2.19 7 
2.73 -6 2.48 2.14 7 
2.68 2.44 2.11 7 : 
2.63 2.43 2.04 16 
2.42 2.41 2.02 14 
2.18 2.18 ed 
2.13 2.15 15 
2.10 5 
A 

i 
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Table V. X-ray diffraction patterns for MnO, reduction by-products 
Mn,O;H,0 Mn,O;H:O MnO), MnsQ, MnsO, MnxOy HMnO, 
d d d d d d Ih d d d 
3.86 10 493 40 3.40 100 3.40 100 6.99 25 4.86 70 5.10 80 65.1 20 ~3=5.36 10 
2.72 100 3.08 60 2.64 60 2.63 60 4.91 25D 3.05 50 3.09 20 439 100 4.17 100 
2.35 10 2.74 70 2.53 5 2.53 40 3.99 10D 2.87 20 263 100 4.12 100 3.462 # 10-20 
2.01 20 248 100 2.41 20 2.41 70 3.502 10D 2.74 90 251 15 334 20 2.798 60 
184 30 239 40 2.28 50 2.26 40 3.132 75D 247 100 2.17 15 246 100 2.675 #460 
166 90 2.03 20 2.23 5N 1.77 50 2.755 10D = 2.34 50 1.77 10 2.35 £50 2.524 10 
145 20 183 30 2.20 5 1.71 40 2.392 100 2.02 60 167 20 206 35 2369 60 
142 60 1.79 20 1.783 20 168 70 2.152 75D 1812 10 153 18 1.74 50 2.303 £450 
139 20 159 30 1.708 40 164 20 2.086 10D 1.779 50 162 50 2.210 20 
135 10 155 60 1.672 30 1.50 40 1.633 25 1.689 20 158 35 2.008 10 
128 10 1.636 40 1.44 40 1.542 50D 1.629 15 1.50 20 1.957 5 
1.19 5 1.502 20 1.425 50 1.571 60 1.30 20 1.932 10 
118 10 1.437 30 1.368 25D 1.537 80 127 35 1.798 5 
116 10 1.326 10 1.358 25D 1.462 10 1.763 20 
1.14 10 1.297 10 1.348 25D 1.434 50 1.732 10 
1.256 5 1.405 10 1.692 50 
1.24 20S 1.378 10 1.603 40 
1.21 20S 1.340 20 1.559 0 
1.183 10 1.323 30 1.515 30 
1.162 10 1.238 10 1.465 10 
1.139 40 1.226 30 1.448 10 
1.116 20 1.215 10 1.435 20 
1.10 20S 1.189 30 1.398 10 
1.08 20S 1.175 30 1.367 5-10 
1.029 30 1.142 10 1345 10 
1.01 —S 1.128 40 1.304 5 
0.993 10 1.095 10 1.286 10 
0.932 20S 1.075 50 1.281 10 
0.890 20S 1.053 30 1.267 10 
0.878 20S 1.258 10 
0.867 20S 1.220 10 
0.860 20S 1.212 10 
0.835 20S 1.202 10 
1.153 20 
1.134 10-20 
designation Nat. Bur. Stds., 161, 173 (1948) 1.086 5 
41, 589 (1948) 1.077 5 
1.068 30 
Ref: Gruener, Am. Min., 32, 654 (1947) 
Hausmannite Groutite 


compounds as shown in Table V which are possible 
products under the conditions used for testing. 
These compounds include manganite, Mn,.O,H.O, 
bixbyite, Mn.O,, and groutite, MnOOH (5). 


Conclusion 

A mechanism for the electrochemical reduction of 
electrolytic manganese dioxide in strongly alkaline 
electrolytes is proposed which consists of the several 
steps listed below. 

Step 1.—The manganese dioxide is electrochemi- 
cally reduced according to the two following re- 
actions which occur simultaneously: 


4MnO, + 2K’ + 2e + H,O-> + 2KOH 
MnO, + 2K’ +2e + 2H,O > Mn(OH), + 2KOH 


Step 2.—The intermediate insoluble oxide product 
formed in Step 1 then becomes the depolarizer 
which is electrochemically reduced by the following 
two reactions: 

3Mn,O, + + 10e + 5H,O>4Mn,0O, + 10KOH 


Mn,O, + 6K’ + 6e + 7H,O ~4Mn(OH), + 6KOH 


Step 3.—The insoluble product of the second step 
then becomes the depolarizer and is electrochemi- 
cally reduced in this manner: 


Mn,O, + 2K* + 2e + 4H,O > 3Mn(OH),. + 2KOH 


Step 1 occurs during the first part of the discharge 
while the working voltage falls from the initial 
value of 1.46 to 1.20. Step 2 apparently operates in 
the working voltage range of from 1.20 to 0.95. 
Step 3 occurs in the range below 0.95 v to the com- 
plete reduction of the oxide to Mn(OH),.. Much of 
this last part of the discharge often occurs at a 
working voltage of 0.4-0.5 v or lower. 


Manuscript received March 10, 1959. This paper was 
prepared for delivery before the Ottawa Meeting, Sept. 
28-Oct. 2, 1958. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1960 JOURNAL. 
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High-Temperature Reaction Rates of Several Metals 
with Hydrogen Chloride and Water Vapor 


Milton Farber 


Research Laboratories, Rocket Power Inc., Pasadena, California 


ABSTRACT 


An experimental study has been made of the high-temperature reaction 
rates of various metal filaments with HCl and H.O vapors and mixtures of the 
two. Measurements were made by an electrical method in which the change 
in resistance of the metal filament was related to the loss in pure metal due to 
the vapor-metal reaction. Measurable reaction rates were determined for both 
nickel and iron in a temperature range from 1000° to 1600°K. Specific reaction 
rate constants and apparent activation energies are presented. The reaction 
rates of tungsten with H.O vapor were measured in a temperature range from 
1600° to 2000°K. The reaction rates of chromium, Inconel, stainless steel 18-8, 
and tungsten did not proceed at a measurable rate in either pure HCl or in 
mixtures of HCl and H.O. Nickel, copper, Inconel, and stainless steel 18-8 did 
not react appreciably with water vapor at temperatures approaching the melt- 
ing points. The reaction rates for iron in pure HCl varied from 0.03 to 0.04% 
area loss per second over the temperature range investigated with an apparent 
activation energy of 10.5 kcal/mole. The reaction rates of iron in mixtures of 
HCl and H.O varied from 0.08 to 0.17% area loss per second in the same tem- 
perature range with an apparent activation energy of 8.5 kcal/mole. Reaction 
rates of nickel in pure HCl varied from 0.005 to 0.03% area loss per second in 
the temperature range of 1000° to 1600°K with an apparent activation energy 
of 13 kcal/mole. The reaction rates of nickel in the HCl and H.O mixtures 
varied from 0.004 to 0.03% area loss per second in the same temperature range 
with an apparent activation energy of 22 kcal/mole below 1300°K and 13 
kcal/mole above this temperature. Reaction rates of iron in H.O vapor varied 
from 0.002 to 0.05% area loss per second from 1120° to 1415°K with an activa- 
tion energy of 28 kcal/mole. Reaction rates of tungsten in H.O vapor varied 
from 0.02 to 0.03% area loss per second from 1700° to 2000°K with an activation 
energy of 14.5 kcal/mole. 


In the field of high-temperature reactions of gases products are usually the metal chloride and hydro- 


and metals, reaction rates are measured in terms of 
seconds as compared to days and years for reactions 
between metals and gases at conventional tempera- 
tures. This paper is the third in a series of investi- 
gations of the reaction rates of several metals with 
the combustion products of chemical propellants. 
Previous papers (1,2) include the study of several 
metals with H.S, SO., and NO at a temperature range 
from 1000°-2000°K. 

Concerning the reactions of metals with HCl some 
previous work of a qualitative nature has been re- 
ported. A few investigators have studied this reac- 
tion by allowing the metal to remain in the HCl 
atmosphere for a period of time and obtaining the 
corrosion rate by the loss in weight of the metal 
(3,4). Brown, DeLong, and Auld (5) studied the 
corrosion rates of nickel, platinum, gold, Inconel, 
stainless steel, Monel, copper, iron, and several 
nickel and chromium alloys in dry HCl and also in a 
mixture of HCl containing 0.2% H.O. They found 
that nearly all the metals, with the exception of gold 
and platinum, are corroded quite readily at fairly 
low temperatures and that the addition of the water 
vapor increases the corrosion rate only slightly. 

When a metal is corroded in an atmosphere of 
either dry or wet hydrogen chloride, the reaction 


gen as: 
M + HCl = MCl + %H, 


In the presence of water vapor the reaction can 
become quite complicated because of the possible 
formation of other compounds of the metal besides 
the chloride. 

The dissociation of water to H, and OH radicals is 
less than 1% at temperatures below 2000°K, while 
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Fig. 1. Corrosion rate of Fe with dry and wet HCI vs. time 
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es 
ase ras Table |. Initial reaction rates of Fe and Ni with dry and wet HCI 
k, % area 
Metal (1/T) x loss/sec 
Gas mixture: 95% argon and 5% HCl 
Iron 1127 8.87 0.037 
~ 1184 8.44 0.042 
Val (*x) . 
1305 7.66 0.083 
7 a rate of Fe with dry and wet HCI as func- 1388 7.20 0.087 
tion o 
Nickel 1060 9.44 0.0053 
1140 8.76 0.0073 
1146 8.73 0.0073 
1330 1195 8.37 0.0087 
bn 1210 8.27 0.0113 
0,92 1313 7.61 0.0153 
1330 7.52 0.0173 
1355 7.38 0.0213 
1373 7.28 0.0213 
= +—— 1419 7.07 0.0260 
us = — 1486 6.73 0.0260 
1550 6.48 0.0320 
eT 0, A) Gas mixture: 91% argon, 5% HCl, and 4% HsO 
Iron 1105 9.05 0.075 
Fig. 3. Corrosion rate of Ni with dry and wet HCI vs. time a = yn 
1.00 1335 7.49 0.142 
1444 6.93 0.172 
™o Nickel 1115 8.97 0.0042 
0, 1154 8.67 0.0050 
19 1162 8.60 0.0067 
= 1167 8.57 0.0042 
5 4 1231 8.12 0.0080 
1233 8.11 0.0092 
ony (G8 WC. AMD 4) 
| | 1340 747 0.0250 
wis 1354 7.38 0.0192 
Fig. 4. Corrosion rate of Ni with dry and wet HCI as func- 1355 7.38 0.0208 
tion of 1/T. 1360 7.35 0.0233 
1391 7.19 0.0283 
the dissociation of water to O, and H, does not be- — aa ae 
come appreciable below 3000°K. 1528 655 0.0367 
Experimental Procedure 
The author (1,2) has previously employed the 1578 6.33 0.0358 
method presented in this paper for measuring the 1608 6.22 0.0341 


reaction rates of various metals with H,.S, SO., and 
NO and the apparatus has been described. Garner, 
Gray, and Stone (6) studied the reaction rate of 
copper with oxygen by measuring the increase in re- 
sistance of a copper film which was plated on the 
walls of a glass bulb. Wilson (7) and Hudson (8) 
studied corrosion rates by measuring the change in 
electrical conductivity of flat metal strips. The 
method employed here and described in detail earlier 
(1) is concerned with the measurement of the 
change in resistance of a metal filament (hot wire) 
of 0.010 in. diameter in a corrosive medium. Since 
the corrosion rate is obtained directly from the re- 
sistance change, a recording mechanism is necessary 


to indicate the current and voltage across the fila- 
ment. The arrangement of the equipment used to 
conduct rate experiments has been described pre- 
viously (2). 

In order to obtain uniform corrosion of the wire, 
it is necessary to use filaments which have been ac- 
curately machine-drawn. Thus, hot spots can be 
eliminated and consistent burnout times obtained, 
justifying the resistance method for measuring cor- 
rosion rates. 

Theoretical corrosion rate laws have been derived 
(2) for these cylindrical wires. These resulted in the 
following rate laws for 
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parabolic 


2rkt + 2rkt [1] 
A, A, 


rectilinear 
A/A, = kt + 2/A,k’t? [2] 
logarithmic 


A/A, = In (1+kt) + 2/A, In (1+kt)° 
[3] 


The results obtained for the metals studied yield 


an experimental rate law of 
A/A, = 1—k/100t 


where: A is the cross-sectional area of wire remain- 
ing at time t, A, is the initial area of wire, and k is 
per cent area change per second. 

This expression is similar to the logarithmic rate 
law for thin coatings and also to the rectilinear rate 
law for initial corrosion, wherein the third term is 
small compared to the second. 

It was shown in the previous papers (1,2) that 
the conductivity of oxide coatings was negligible in 
comparison to that of the pure metal even at high 
temperatures (9). However, in the case of the chlo- 
rides, metal chlorides are usually in the vapor phase 
at the temperatures in question and the surface re- 
mains essentially clean during the course of the ex- 
periment. 

The effect of the solubility of the gases on the re- 
sistance of the metal filaments investigated was 
negligible since there was no discernible change in 
their resistance at temperatures just below the point 
of corrosion. However, it was not possible to study 
the corrosion rates of metals such as zirconium or 
titanium because the solubility of oxygen and nitro- 
gen changed their resistivities to such an extent that 
the change in resistance due to corrosion could not 
be measured. 

Results 
Reaction Rates of Metals with HCl 


Reaction rates of iron with HCl.—Corrosion rates 
of iron were investigated in both dry HCl (95% A- 


Table II. Initial reaction rates of Fe and W with H.O 


k, % area 


(1/T) x 10 loss/sec 


Gas mixture: 95% argon and 5% HO 


1122 8.91 
1195 8.36 
1202 8.31 
1253 7.98 
1280 7.81 
1314 7.46 
1415 7.06 


Tungsten 1685 5.93 
1780 5.61 
1800 5.55 
1860 5.37 
1870 5.34 
1965 5.08 
1995 


REACTION RATES OF METALS WITH HCl 753 


5% HCl) and wet HCl (91% A-5% HCl-4% H.O) 
over a range of temperature from 1100° to 1450°K. 
The results of the corrosion rates are shown as a 
function of time in Fig. 1. As may be seen from this 
figure, the corrosion rate of iron in the wet HCl is 
slightly faster than in the dry HCl. This fact would 
tend to indicate that the presence of water speeds up 
the reaction. In Fig. 2, the logarithm of the rate is 
plotted against the reciprocal of the absolute tem- 
perature. The activation energies are 8.5 and 10.5 
keal for the wet and the dry HCl, respectively. The 
rate constants as functions of the temperature are 
given in Table I. 

Reaction rates of nickel with HCl.—The corrosion 
rate of nickel was also investigated in both dry and 
wet HCl mixtures over a temperature range from 
1050° to 1600°K. The rates are given in Fig. 3. The 
corrosion of nickel with dry HCl shows a slightly 
higher rate than with wet HCl, particularly in the 
lower temperature range, as can be seen from the 
plot of the logarithm of the corrosion rate as a func- 
tion of the reciprocal of the absolute temperature 
shown in Fig. 4. 

The activation energy for the wet HCl is of the 
order of 22 kcal/mole for temperatures below 
1300°K and decreases to 13 kcal/mole above this 
temperature. This latter value is approximately the 
same as for the dry HC] over the entire temperature 
range covered. The rate constants for the corrosion 
rates of nickel in both dry and wet HCl are given in 
Table I. The rates are of the order of approximately 
20% of those for iron in the same gas mixtures. 
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ig. 5. Corrosion rate of Fe with H.O vs. time 
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Fig. 6. Corrosion rate of Fe with HO as function of |/T 
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Fig. 7. Corrosion rate of W with HO vs. time 
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Fig. 8. Corrosion rate of W with H.O as function of I/T 


Reaction Rates of Several Metals with Water Vapor 

Several metals including iron, tungsten, nickel, 
copper, Inconel, and stainless steel 18-8 were tested 
in a gas mixture containing 95% A and 5% H,O 
vapor. Iron and tungsten were the only metals of the 
group that corroded at a measurable rate at tem- 
peratures approaching the melting points. 

Reaction rates of iron with water vapor.—Corro- 
sion rates of iron in a mixture of 95% A and 5% H.O 
vapor were measured in a temperature range of 
1100° to 1400°K. Corrosion rates are plotted against 
time in Fig. 5. A plot of the logarithm of the corro- 
sion rate against the reciprocal of the absolute tem- 
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Table III. Activation energies and rate constants of several metals with reactive gases* 


Gas (Pressure = 
5% HCl-4% HzO-91% A 


September 1959 


1 atm) 


4% HyO-96% A 


E. Ea Ea 
Metal (kcal/mole) a (kcal/mole) a (kcal/mole) a 
Fe 10.5 4.14 8.5 3.46 28 9.98 « 10° 
(1120 to 1400°K) (1180 to 1430°K) (1030 to 1400°K) 
Ni 13.0 2.34 21.6 69.4 — — 
(1140 to 1540°K) (1140 to 1300°K) 
(1300 to 1560°K) 
w _ 14.5 1.25 
(1700 to 2000°K) 
*E. activation energy; a4 = exponential constant; k = ae" ant 
perature gives an activation energy of 28 kcal/mole 
inal (Fig. 6). The rate constants k, which are listed in 
dea Table II, vary from 0.0020 (% area loss/sec) at 
0,900 1120°K to 0.047 at 1415°K. 
* rt Reaction rates of tungsten with water vapor.—The 
S 0,900 — ae corrosion of W in H.O does not become appreciable 
nd —s — until temperature of 1600°K is attained. The corro- 
sion rates of tungsten in a gas mixture of 95% A and 
asednlnd 5% H.O vapor were measured in the temperature 
Twe (sec) 


range from 1685° to 1995°K. At the higher tempera- 
tures the dissociation of H.O to H, and OH is in the 
neighborhood of 0.1%. The curves of corrosion rate 
vs. time are shown in Fig. 7. The plot of the loga- 
rithm of the rate vs. 1/T gives an activation energy 
of 14.5 kcal/mole (Fig. 8). The rate constants listed 
in Table III vary from 0.0170 (% area loss/sec) at 
1685°K to 0.0313 at 1995°K. 


Manuscript received Aug. 9, 1957. Some of the lab- 
oratory work for this paper was performed at the Jet 
Propulsion Laboratory, California Institute of Tech- 
nology under Contract No. DA-04-495-ORD 18, spon- 
sored by the Department of the Army, Ordnance Corps. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1960 JOURNAL. 
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ABSTRACT 


The Electrochemical Behavior and Passivity of Titanium 


Milton Stern and Herman Wissenberg 


Metals Research Laboratories, Union Carbide Metals Company, 
Division of Union Carbide Corporation, Niagara Falls, New York 


In the active condition, corrosion of titanium is controlled by activation 


polarization. The metal presents a surface with a low exchange current for a 
variety of electrochemical reactions. Low exchange currents are not con- 
ducive to establishment of passivity. However, this is overcome by unusually 
active critical potentials for passivity. This accounts for the ease with which 
titanium is passivated by many substances which are only slightly oxidizing. It 
also explains the ease with which the metal can be protected anodically by 
galvanic coupling to other metals and alloys. Anodic deposition of thick ti- 


The mechanism of passivating-type inhibitors has 
been described (1) solely in terms of the kinetics of 
the various electrochemical processes which occur, 
without the necessity for reference to the nature of 
the passive film. The environmental parameters 
which are pertinent to the achievement of passivity 
are the exchange current, Tafel slope, and limiting 
diffusion current for cathodic processes. Passivity is 
favored by high values of exchange current and 
limiting diffusion current and by low values for the 
Tafel slope. The important parameters related to 
the metal are the critical anodic current and the 
critical potential for passivity. A low value of criti- 
cal anodic current and a relatively active critical 
potential favor passivity. 

Titanium shows active-passive behavior similar 
to stainless steel except that it is not affected ad- 
versely by chloride ion and does not exhibit trans- 
passive behavior. This work was done to obtain 
data which would relate the anodic behavior of Ti 
to the parameters of temperature and acid concen- 
tration. Such information should help in under- 
standing passivity of Ti and permit more efficient 
use of passivating inhibitors. 


Experimental Procedure 

Electrodes, glass cells, and methods for measuring 
potential were generally the same as those reported 
elsewhere (2) except that anodic polarization 
measurements were conducted with an Analytical 
Instruments Company’ potentiostat, an electro- 
mechanical device. It was necessary to use the same 
material for the test electrode and for a potentiostat 
reference electrode and to place the two electrodes 
in the same solution, since the potentiostat does not 
operate properly if a high impedance exists between 
these electrodes. Auxiliary electrodes of the same 
material as the test electrode were placed directly in 
the cell. All electrodes were aged for about 30 min 
in the solution before the first measurement. Poten- 
tials were measured by means of a Luggin probe to 
minimize errors caused by IR drop. Potentials were 
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measured against a saturated calomel electrode ex- 
ternal to the cell at room temperature. No effort was 
made to correct for liquid junction potentials or 
temperature effects when the solution was hot. 

In systems where hydrogen was used, the gas was 
purified with Cu at 500°C followed by Pt and Pd 
catalysts. The solution was further purified by pre- 
electrolysis for 3 hr on a Ti cathode held at —1.0 v 
vs. saturated calomel with the potentiostat. The 
current density during pre-electrolysis was greater 
than 80 ma/cm”’. In this case, auxiliary electrodes 
were external to the cell and connected to it by salt 
bridges. 

The Ti metal was of commercial purity containing 
0.032% C and 0.13% oxygen. 


Behavior of Hydrogen-Saturated H.SO, 
Figure 1 shows anodic and cathodic polarization 
curves for Ti in hydrogen-saturated 20% H.SO, at 
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Fig. 1. Anodic and cathodic behavior of Ti in room-tem- 
perature, hydrogen-saturated 20% H2SO,. 
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Fig. 2. Expanded view of Fig. 1 showing the calculated 
anodic polarization curve of Ti. 


room temperature. The reversible hydrogen poten- 
tial of this solution, measured with platinized Pt, is 

0.21 v vs. saturated calomel. Polarization data 
were obtained with the potentiostat by starting at a 
potential of —0.85 v and gradually increasing the 
potential in the noble direction. The cathodic curve 
exhibits a Tafel slope of 0.07 v and an exchange 
current of only 1.9 (10°") amp/cm’. Relatively small 
changes in Tafel slope will have a marked effect on 
exchange current, since extrapolation to the revers- 
ible hydrogen potential is made over a potential 
range of about 0.6 v. Thus, the measured exchange 
current could be in considerable error. It is evident, 
however, that the hydrogen ion reduction reaction 
on Ti is accompanied by a high overvoltage (ap- 
proaching that of Hg) because of the extremely 
small exchange current. This agrees with other 
observations (3, 4). 

The anodic data show a critical current for pas- 
sivity of 140 na/cm’. The critical potential for pas- 
sivity is about —0.23 v vs. saturated calomel which 
is 20 mv more active than the potential of Pt in the 
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Fig. 3. Current density and corrosion rate at controlled po- 
tentials for Ti in boiling 2% HsSO, containing 5% NasSQ,. 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


September 1959 


hydrogen-saturated 20% H.SO, solution. If one 
defines passivity as the state where the potential of 
a metal is more noble than the critical potential 
shown in Fig. 1, then it becomes evident that Ti can 
show stable passive behavior in solutions which 
contain a redox system no more oxidizing than the 
hydrogen ion-hydrogen gas system. Passivity in 
hydrogen-saturated solutions is an unusual phe- 
nomenon which is not observed in Fe- or Ni-base 
alloy systems. The relatively active critical potential 
exhibited by Ti explains, in part, the ease with 
which this metal is passivated by many oxidizing 
inhibitors. 

The data of Fig. 1 permit an examination of the 
dissolution kinetics of Ti in the active potential 
region to determine if they are consistent with pres- 
ently accepted views on electrode kinetics involving 
activation overvoltage. Figure 2 shows an expanded 
view of the data close to the corrosion potential. 
Calculated values of the dissolution rate of Ti as a 
function of potential are shown as triangles. The 
methods used for this calculation are similar to 
those already described (2). The points more noble 
than the corrosion potential were obtained by sum- 
ming the extrapolated rate of hydrogen reduction 
and applied anodic current at any given potential. 
The points on the active side of the corrosion poten- 
tial were obtained by subtracting the applied 
cathodic current from the extrapolated rate of 
hydrogen reduction at any given potential. 

It is evident that in this potential region the dis- 
solution kinetics are controiled by activation polari- 
zation with a Tafel slope of 0.22 v. While this value 
is high, the kinetics near the corrosion potential can- 
not be considered unusual. Thus, the phenomena as- 
sociated with passivity are not evident near the cor- 
rosion potential but become significant near the po- 
tential region associated with the critical current for 
passivity. 


Correlation of Polarization Data with 
Weight Loss Measurements 


An anodic polarization curve, such as that shown 
in Fig. 1, is expected to represent the dissolution 
rate of Ti as a function of potential, except in the 
region close to the corrosion potential where the 
measured current is significantly less than the dis- 
solution rate as illustrated in Fig. 2. To check this, 
data were obtained with Ti in boiling 2% H.SO, 
containing 5% Na.SO,, where corrosion rates are 
higher than at room temperature and more easily 
measured. 

Figure 3 shows the anodic polarization curve ob- 
tained. The portion below the critical potential for 
passivity is as expected. The current rises to some 
maximum value (the critical current for passivity) 
and then falls to a low value at the critical potential 
for passivity. Weight loss measurements in the same 
environment utilized separate electrodes, each held 
at a controlled potential for 18-24 hr. Continuous 
recording during these measurements revealed 
long-time current variations. These are attributed 
to changes in the environment caused by accumulat- 
ing corrosion products from the sample, the auxil- 
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iary electrodes, and the potentiostat reference 
electrode. Assuming that Ti corrodes to form triva- 
lent ions, integration of each current-time curve 
leads to a calculated corrosion weight loss which is 
also plotted on Fig. 3 (squares) along with the 
measured weight loss (circles). 

It is evident from Fig. 3 that dissolution rate as 
a function of potential closely parallels the anodic 
polarization curve in the potential region more 
active than the critical potential for passivity. 
Quantitative agreement between the measured cor- 
rosion rates and the anodic polarization curve is 
precluded by differences in experimental procedure. 
For example, each point on the polarization curve 
represents only 3 min at that potential contrasted 
to a minimum of 18 hr for a weight loss measure- 
ment. 

Unexpected behavior is found in the anodic polar- 
ization curve above the critical potential for pas- 
sivity. Rather than remaining relatively constant 
with increasing potential as shown in Fig. 1, the 
current again rises and finally reaches a limiting 
value. This does not represent the anodic behavior 
of Ti, but is an artifact resulting from the experi- 
mental procedure used. This can be shown in the 
following manner. Electrodes held at constant 
potential in this region show a considerable weight 
gain and develop a thick oxide coating which is 
not particularly adherent. Scraping the oxide off 
accounts for all of the weight gain within the error 
of the technique, and the final sample shows a cor- 
rosion rate of less than 2 mdd. Therefore, anodic 
current measured in this region does not represent 
oxidation of metal but rather represents a different 
oxidation process. The most likely process is electro- 
deposition of oxide in accordance with a reaction of 
the type Ti* + 2H.O > TiO, + 4H* + e. It is quite 
possible that this is not the specific reaction which 
occurs, since lower oxides could also have been 
produced. In any event, it is clear that corrosion 
products are plated onto the anode surface in the 
form of oxides. The vertical line on the polarization 
curve probably represents the limiting diffusion 
current for the process. 

The current associated with oxide deposition may 
obscure the true value of the critical potential for 
passivity. The critical potential shown in Fig. 3 
could be slightly more active than the true value. 
This error is probably not significant as evidenced 
by the weight loss data. 

Since the corrosion rate of Ti in the potential 
region of oxide deposition was less than 2 mdd (the 
experimental error in weight change), the points on 
Fig. 3 are shown at 2 mdd with arrows indicating 
the rate is less than this value. Tlaus, above the 
critical potential for passivity, the dissolution rate 
is very slow. 

Cotton (5) has measured corrosion rate as a func- 
tion of potential for Ti in 40% H.SO, at 60°C. His 
data are similar to those shown here and extend to 
2 v more noble than the saturated calomel electrode. 

Anodic Polarization by Galvanic Coupling 

Anodic passivation of Ti by means of an exter- 

nally applied potential is described above. Titanium 
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Table |. Effect of galvanically coupling titanium to various cathodic 
materials in boiling H.SO, solutions 


Weight loss of titanium (mdd) 


Area ratio Boil- Boil- 
A (Ti) ingt 3% ingt 5% 
——————--_ Boiling* + + 
Couple A (Cathode) 1% 5% NasSOu 5% NasSO, 
Ti 1400 1800 2900 
Ti- (18-8) 1 0 
2 10 
6.6 6 
Ti- (Hastelloy 1 0 
alloy F) 12 2 
Ti-C 0.2 0 0 3600 
0.5 0 
1 1200 
Ti-Pt 0.25 21 
1 65 
2 65 
108 
35 1700 


* Critical potential for passivity of Ti is —0.45 v vs. saturated 
calomel. 

+ Critical potential for passivity of Ti is 0.42 v vs. saturated 
calomel. 

t Critical potential for passivity of Ti is —0.34 v vs. saturated 
calomel. 


can also be passivated by galvanic coupling (5-7) 
with some metal or alloy whose potential is more 
noble than the critical potential for passivity of Ti 
in the given environment. The mixed potential of 
the resulting couple must also be more noble than 
the critical potential. Since the couple mixed poten- 
tial is dependent on cathodic polarization, large 
cathode areas should favor passivation of Ti. 

Table I shows the effect of coupling Ti to Pt, C, 
18-8 stainless steel, and Hastelloy alloy F in several 
environments as a function of the ratio of Ti area 
to cathode area. All the above materials exhibit 
potentials in these environments which are more 
noble than the critical potentials for passivity of Ti. 
In these experiments, no effort was made to estimate 
surface roughness factors, and all areas are calcu- 
lated from geometric measurements assuming 
smooth surfaces. Results show that all of these 
materials can passivate Ti if sufficient cathode area 
is present. The more aggressive the environment, 
the greater the cathode area necessary to passivate. It 
is important to note that stainless steel and Hastel- 
loy alloy F are both electrochemically active in 
boiling 1% H.SO,. However, their active mixed 
potentials are still sufficiently more noble than the 
critical potential for passivity of Ti to produce pas- 
sivity when galvanically coupled to this metal. 


Effect of Temperature on Dissolution Kinetics 

Since temperature is known to affect the behavior 
of passivating inhibitors, it is important to establish 
how temperature affects those metal dissolution 
parameters which determine when stable passivity 
can be achieved. 

Figure 4 shows the anodic polarization behavior 
of Ti in hydrogen-saturated 5% H.SO, containing 
5% Na.SO,. The critical current for passivity in- 
creases considerably as temperature is increased 
from 50° to 95°C. The critical potential for passivity 
is not significantly affected. In general, temperature 
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serves only to increase reaction rates, shifting the or} / ——— 4 
curves to higher current values with an increase in a 
temperature. 


At 95°C, where corrosion product build-up is 
faster, oxide deposition is again observed as evi- 
denced by the shape of the polarization curve in 
the passive region. At 50° and 75°C, the oxidation 
rate of corrosion products is probably not signifi- 
cant, and passive currents represent the dissolution 
rate which also increases with temperature. 

The measured potential of platinized Pt as a 
function of temperature is also shown on Fig. 4. It 
is important to note for subsequent discussion that 
the critical potential for passivity of Ti is again 
more active than the reversible hydrogen potential 
for this system. 


Effect of acid Concentration on Dissolution Kinetics 


Figure 5 shows the anodic polarization behavior 
of Ti in various concentrations of boiling H.SO, 
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Fig. 5. Anodic behavior of Ti in boiling H:SO, solutions con- 
taining 5% Na.SO, 
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Fig. 6. Anodic behavior of Ti in boiling HCI! solutions con- 
taining 5% NaCl. 


containing 5% WNa.SO,. Paralleling the effect of 
temperature, increasing acid concentration markedly 
increases the critical current for passivity. However, 
the critical potential for passivity and the potential 
at the critical current are shifted in the noble direc- 
tion. 

Corrosion product build-up in the solution is 
sufficiently fast at the boiling point to cause oxide 
deposition in the passive region. Thus, as described 
above, anodic current in the passive region does not 
represent the effect of acid concentration on passive 
corrosion rate. Rather, the vertical section probably 
represents the limiting diffusion current for the 
deposition process which increases with acid con- 
centration because corrosion product build-up in- 
creases. 

Oxide deposition is not observed in HCl as shown 
in Fig. 6, where it is evident that the passive cor- 
rosion rate increases with acid concentration. 


Discussion and Conclusions 

In the active condition, corrosion of Ti is con- 
trolled by activation polarization. The metal ex- 
hibits a particularly high hydrogen overvoltage 
(low exchange current). In general, it presents a 
surface with a low exchange current for a variety 
of electrochemical reactions as evidenced by meas- 
urements of rates of ferric ion reduction and oxygen 
evolution (8). Low exchange currents are not con- 
ducive to establishment of passivity. However, this 
is overcome by unusually active critical potentials 
for passivity. The critical potential for passivity of 
Ti is about 0.6 v more active than the corresponding 
value for Fe and about 0.1-0.2 v more active than 
the value for stainless steel. The exact differences, 
of course, are dependent on the environment used 
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for comparison. This, in large part, accounts for the 
ease with which Ti is passivated by many sub- 
stances which are only slightly oxidizing. It also 
explains the ease with which the metal can be 
protected anodically by galvanic coupling to other 
metals and alloys. 

Potentiostatic measurements in H.SO, containing 
corrosion products of Ti show that increasing anodic 
polarization of Ti in the passive potential region 
results in an increasing current. This current is 
caused by anodic deposition of titanium oxide rather 
than an increasing Ti corrosion rate. 

Data presented here show that, as temperature 
increases, the concentration of inhibitor required to 
passivate increases. Since the inhibitor concentra- 
tion must provide a limiting diffusion current 
greater than the critical current for passivity (1), 
measurements of the type presented here permit an 
estimate of the minimum concentration of inhibi- 
tor required to attain passivity of a given system as 
temperature is raised. 

The situation is similar for an increase in acid 
concentration except that, since the critical potential 
for passivity becomes more noble, the inhibitor 
must exhibit a greater oxidizing character (more 
noble reversible potential) for more acid environ- 
ments. 

For anodic protection of Ti by galvanic coupling 


The Influence of Noble Metal Alloy Additions on the 
Electrochemical and Corrosion Behavior of Titanium 
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ABSTRACT 


Alloying of titanium with small amounts of noble metals markedly im- 
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to a cathodic metal or alloy, data presented here 
assist in the determination of the couple area ratio 
required to produce passivity of Ti. The cathodic 
polarization behavior of the cathode member of the 
couple also must be known and its area made suffi- 
ciently large so that the mixed potential of the 
couple is more noble than the critical potential of Ti 
in the environment. 
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proves its corrosion resistance in reducing-type acids without any impairment 
of its high resistance to oxidizing media. The mixed potentials of titanium noble 
metal alloys are more noble than the critical potential for passivity of titanium 
in the same environment. Passivity is observed in hydrogen-saturated systems 
without the presence of a redox system more oxidizing than the hydrogen 
electrode. The mixed potential of titanium noble metal alloys is much more 


Previous work (1) proposed that passivating-type 
inhibitors function primarily by creating a mixed 
potential more noble than the critical potential for 
passivity of the metal involved. The establishment 
of a potential more noble than some critical value 
is a basic concept which applies not only to inhibi- 
tors but also to the phenomenon of anodic protec- 
tion (2) and prevention of corrosion by galvanic 
coupling to suitable cathode materials (3-5). 
Anodic polarization under a variety of conditions 
shows that Ti exhibits unusually active values of 
critical anodic potential (5). Often, this potential is 
even more active than the reversible hydrogen 
potential of the solution. This permits establishment 


sensitive to traces of oxidizing agents than unalloyed metal. 


of passivity by alloying with elements having low 
overvoltage characteristics. 

The purpose of this work is to describe the cor- 
rosion and electrochemical characteristics of these 
alloys. 


Theory of Noble Metal Alloying to Obtain Passivity 


According to what has already been described, 
passivity is obtained by producing a condition which 
results in a potential more noble than the critical 
potential for passivity. Without an externally ap- 
plied potential, a metal in solution can attain a 
passive mixed potential only if the solution contains 
a redox system with a reversible potential more 
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noble than the critical potential for passivity of the 
metal. This is a necessary, but not sufficient, con- 
dition for stable passivity (1). 

Alloying can contribute to the passivation of 
metals by two distinctly different principles: 

1. Alloy addition may affect those metal dissolu- 
tion parameters (the critical anodic current and the 
critical anodic potential) which, in turn, determine 
the ease of passivation. This is the effect which Cr 
has on Fe in the stainless steels. Increasing Cr con- 
tent decreases the critical anodic current (6) and 
moves the critical anodic potential in the active 
direction (7,8). 

2. Alloy addition may influence the reduction 
kinetics of the cathodic process. Mixed potentials in 
the passive potential region are favored by an in- 
crease in exchange current and a decrease in the 
cathodic Tafel slope (1). 

An example of cathodic process influence was 
described by Tomashov (9). Alloying of 18% Cr- 
8° Ni stainless steel or 27% Cr stainless steel with 
Pt or Pd markedly improves corrosion resistance in 
room-temperature H,SO, by facilitating the cathodic 
reaction. While it is not clear whether these ex- 
periments were done with intentional aeration of 
the acid, oxygen was most likely present in solution. 

Passivation by alteration of cathodic process 
kinetics is of special interest when the critical 
anodic potential of the metal is more active than the 
reversible hydrogen potential of the solution. Under 
these circumstances, passivity theoretically can be 
achieved with the presence of a redox system no 
more oxidizing than the hydrogen electrode. Under 
conditions where the metal exhibits a relatively 
high hydrogen overvoltage, a passive mixed poten- 
tial may not be obtained directly. However, pas- 
sivity can be accomplished by alloying such a metal 
with an element which is essentially insoluble in 
the environment and which exhibits a high ex- 
change current for the hydrogen ion reduction 
process. A small amount of corrosion should leave 
the alloy addition essentially in elemental form on 
the surface. The surface is now a bi-electrode, or 
galvanic couple, with one of the constitutents pre- 
senting a low-hydrogen overvoltage surface. This 
is shown schematically in Fig. 1 which may be con- 
sidered typical of the behavior of Ti. The exchange 
current for the hydrogen reduction reaction of Ti is 
very small (5) resulting in an active mixed poten- 
tial. When alloyed with a metal like Pt, regions with 
very high exchange currents are produced on the 
surface creating a mixed potential in the passive 
potential range. This results in a markedly reduced 
dissolution rate. Evidence for this is presented be- 
low. 

Procedures 

In general, electrochemical techniques and pro- 
cedures were similar to those reported previously 
(5). Alloy buttons were prepared in an argon 


atmosphere by nonconsumable are melting on a 
water-cooled Cu hearth. The buttons, weighing ap- 
proximately 50 g, were melted three times, reduced 
in thickness about 50% by cold-rolling, and heat- 
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Fig. 1. Schematic diagram showing how alloying with a 


noble metal produces a passive mixed potential and a marked 
reduction in corrosion rate. 


treated at 1000°C in vacuum for 18-24 hr followed 
by furnace-cooling. 


Corrosion Behavior 

Table I shows the effect of ten alloy additions on 
the corrosion rate of Ti in boiling H.SO, and HCl. 
Corrosion resistance is markedly improved in many 
cases. The best results are produced by Pt, Pd, Rh, 
and Ru; Os, Ir, and Re are intermediate in effect; Au 
is beneficial only in higher concentrations, while Ag 
and Cu are detrimental. As expected, the effective- 
ness of the various additions is roughly in the same 
order as their hydrogen overvoltage. Generally, Pt 
and Pd exhibit very low-hydrogen overvoltages, 
whereas Au, Ag, and Cu may be considered the 
relatively high-hydrogen overvoltage elements of 
those evaluated. The approximate exchange current 
densities (10) in HCl for the various metals are Pt 
(10°), Pd(10°*), Rh(10*), Au(10° to 10°), Ag 
(10°), Cu(10") amp/cm’. 


Table |. Effect of various alloy additions on 
corrosion resistance of Ti 


Weight loss in 24 hr* (mil/yr) 


Boiling Boiling HCl 


Composition 1% 10% 3% 10% 
Titanium 460 3950 242 4500 
Ti + 0.064% Pt <2 145 <2 128 
Ti + 0.54% Pt <2 48 3 120 
Ti + 0.08% Pd <2 166 3 100 
Ti + 0.44% Pd <2 45 <2 67 
Ti + 0.1% Rh <2 26 5 96 
Ti + 0.5% Rh 3 48 <2 55 
Ti+ 0.1% Ru 3 187 5 280 
Ti + 0.5% Ru <2 48 <2 113 
Ti+0.11% Ir <2 359 3 120 
Ti + 0.60% Ir <a 45 3 88 
Ti + 0.10% Os 5 480 3 1820 
Ti + 0.48% Os <2 82 3 208 
Ti + 0.11% Re 235 — 345 — 
Ti + 0.36% Re 9 —_ 30 — 
Ti + 0.11% Au 1050 1500 
Ti + 0.48% Au 3 — 9 146 
Ti + 0.04% Ag 500 os 334 ae 
Ti + 0.34% Ag — — — 4850 
Ti + 0.17% Cu 470 — 340 “= 


Ti + 0.44% Cu 660 —_ 550 — 


* The possible weighing error of these tests is +2 mil/yr. 
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Fig. 2 Effect of Pt and Pd additions on corrosion rate of Ti 
in boiling HCI solutions. 


The qualitative theory of noble metal alloy addi- 
tions described above does not permit an estimate of 
the alloy concentration required to produce a max- 
imum effect. However, one would predict that, in a 
given environment, increasing the alloy concentra- 
tion and noting the effect on corrosion rate should re- 
veal a composition above which no additional 
benefit is produced. This is the concentration suffi- 
cient to produce a mixed potential more noble than 
the critical potential for passivity. One would also 
expect that insufficient alloy addition would be 
detrimental, since the mixed potential would move 
in the noble direction, yet remain in the active 
potential region. 

Figure 2 shows the effect of Pt and Pd additions to 
Ti on corrosion rate in boiling HCl solutions. Both 
of these alloying elements apparently behave in a 
similar manner, and this observation was used to 
combine the data on one plot. It is evident that 
about 0.05% Pt or Pd reduces the corrosion rate by 
a factor of from 50 to 100. Increased concentrations 
of noble metals are not additionally beneficial. 
These data are the results of 24-hr corrosion tests. 
The sample size was such that a corrosion rate of 
about 2 mil/yr is within the possible weighing error 
of the test. 

Figure 3 shows similar data in boiling H.SO,. In 
this case, it appears that more noble metal is re- 
quired to achieve the maximum beneficial effect. 
Also, in this environment, Pd appears to be not 
quite as effective as Pt, although only one line is 
drawn through the points in each H.SO, concentra- 
tion. 

As expected, alloy additions above some critical 
concentration do not further reduce corrosion rate. 
However, contrary to expectations, very small alloy 
additions do not increase the observed corrosion 
rate. This is because the observed corrosion rate is 
an average value for a 24-hr test. As will be shown 
below, these alloys are initially active and probably 
corrode at an accelerated rate. However, they be- 
come passive during the test so that the average 
corrosion rate is between that of active and passive 
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Fig. 3. Effect of Pt and Pd additions on corrosion rate of 
Ti in boiling HzSO, solutions. 


Data not presented here show that such alloying 
is not detrimental to behavior in highly oxidizing 
media, such as concentrated HNO, or ferric chloride. 
This is expected since Ti does not exhibit a trans- 
passive potential region where the dissolution rate 
increases at quite noble potential values. Similar 
alloying in the case of stainless steels (9) is ex- 
pected to be detrimental under highly oxidizing 
conditions because of the transpassive behavior of 
such alloys. 

Electrochemical Behavior 

Figure 4 shows potential-time data in boiling 
1% H,SO, for Ti and a series of Ti alloys containing 
various amounts of Pt. The data were recorded con- 
tinuously using high impedance instrumentation. 
Note that all Pt-bearing alloys reach the passive 
potential region during the 24-hr test period. Those 
alloys containing the higher concentrations of Pt are 
passive from the very beginning of test, whereas the 
more dilute alloys remain active for some time prior 
to becoming passive. It is believed that during this 
active period the surface concentration of Pt is in- 
creasing as a result of corrosion until the area ratio 
is sufficient to produce a noble mixed potential. 
Anodic polarization of Ti in this environment, Fig. 
5, shows a critical current of about 1000 pamp/cm* 
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Fig. 4 Potential as a function of time for Ti alloyed with 
various concentrations of Pt in boiling 1% HsSO,. 
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Fig. 5. Anodic polarization of Ti and Ti-Pt alloys in boiling 
1% HSO,. 


at a potential of —0.64 v vs. saturated calomel. The 
critical anodic potential is about —0.44 v on the 
same scale. It is interesting to note in Fig. 4 that the 
two dilute alloys, 0.01% Pt and 0.019% Pt, which 
are active for a relatively long period, rapidly pass 
through the potential region where the polarization 
curve of Ti has a negative slope. Also, the rapid 
change in potential occurs when the electrodes have 
reached values of about —0.64 v. This indicates that 
this potential region is unstable for these alloys. 

Figure 5 shows anodic polarization data for three 
alloys in boiling 1% H.SO, compared with that of 
unalloyed Ti. If such measurements are conducted 
with the 0.01% Pt alloy soon after it is immersed in 
solution while its potential is still relatively active 
(see Fig. 4), the polarization curve (open squares) 
is essentially that of a typical active metal. However, 
if this alloy is immersed in solution overnight prior 
to anodic measurements, the data (solid squares) 
closely parallel the behavior of unalloyed Ti in the 
passive region. The 0.01% Pt alloy, initially in the 
active condition, shows negative (cathodic cur- 
rents) in the potential region between about —0.53 
and —0.44 v. This phenomenon has been described 
adequately by Edeleanu (2), and this observation is 
consistent with his explanation, since this alloy is 
expected to exhibit a higher exchange current for 
the hydrogen ion reduction reaction than unalloyed 
Ti. 

Titanium alloys containing 0.37% or 2% Pt are 
passive very soon after immersion. Anodic polariza- 
tion shows only passive behavior as expected. As 
shown earlier (5) in H,SO, solutions containing ap- 
preciable quantities of corrosion products, measured 
currents in the passive potential region represent 
the rate of titanium oxide deposition rather than 
metal oxidation. Thus, currents observed for the 
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0.37% and 2% Pt alloy are less than that for Ti or 
the 0.01% Pt alloy because corrosion product build- 
up in solution (from the sample and the auxiliary 
electrodes) is slower. 

According to the mechanism of protection ob- 
tained by noble metal alloying described above, one 
would expect that cathodic polarization of a Pt- 
containing alloy would cause a marked increase in 
corrosion rate. This was found with the 0.37% Pt 
alloy in boiling 1% H.SO,. The potential of this alloy 
is normally in the passive range between about 
—0.2 and —0.3 v. It was held at a potential of —0.55 
+0.05 v (see Fig. 5) for 19 hr with a potentiostat. 
The cathodic current required to accomplish this 
was very high (0.2-0.3 amp/cm’*), presumably be- 
cause of the high Pt content of the surface. The 
corrosion rate for this period was 110 mil/yr com- 
pared with normal corrosion rate of less than 2 mil/ 
yr in this environment. This supports the mechan- 
ism proposed. 

Ease of Passivation 

Titanium alloyed with noble metals should show 
another particularly beneficial property. Such alloys 
should become passive in aggressive environments 
with concentrations of oxidizing agent insufficient 
to passivate unalloyed Ti. 

A schematic polarization diagram which illus- 
trates this property is shown in Fig. 6. The solid 
cathodic curve originating from i,, represents hydro- 
gen ion reduction on Ti and produces an active 
mixed potential E,. The solid cathodic curve origi- 
nating from i. represents reduction of an oxidizing 
agent on Ti which produces either a passive poten- 
tial at E.’ or an active potential E,. Oxidation and 
reduction of the oxidizing agent on the alloy surface, 
where the noble metal content markedly raises the 
exchange current, are shown at ix. In this case, only 
one passive mixed potential, E,, is obtained (1). 
Evidence for this behavior was obtained in the fol- 
lowing experiments. 

Corrosion measurements were obtained in H.SO, 
and HCl at 190°C (374°F). Samples with areas of 
2-3 cm’ were sealed in heavy wall Pyrex tubes con- 
taining 40 ml acid solution. Prior to sealing the 
tubes, a stream of nitrogen was bubbled through the 
acid for about 2 hr and continued while the tube 
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Fig. 6 Schematic polarization diagram showing influence of 
an oxidizing agent on the potential of Ti and Ti alloyed with 
a noble metal. 
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Weight Loss,* mil/yr 


Composition % 5% 10% 


Ti — 
Ti + 0.03% Pt < <2 3.4 Diss 
Ti + 0.29% Pt 3.3 11.5 
Ti + 0.08% Pd 3.5 Diss _ 
Ti + 0.44% Pd : 5.0 12.0 1120 


* One-period tests, 44-64 hr duration. The possible weighing error 
in these tests is +2 mil/yr. 


was being necked down. Although the gas inlet tube 
was removed just prior to sealing, the solutions 
cannot be considered completely oxygen-free. The 
tubes then were heated in a pressurized autoclave. 
The weight loss results for Ti and Ti alloyed with 
Pt and Pd are shown in Table II. Unalloyed Ti cor- 
rodes at very high rates, whereas Pt and Pd addi- 
tions are quite effective in rather high concentra- 
tions of acid. The persistence of the noble metal 
effect at this high temperature is in itself quite 
important and can be explained in view of evidence 
(5) showing that temperature does not markedly 
affect the critical potential for passivity of Ti. What 
is most significant about these data is that the cor- 
rosion rates observed are considerably less than 
those obtained at the boiling point of the acids. 
Small quantities of oxygen present during the test 
are believed responsible for the lower corrosion 
rate at the higher temperature. 

These data alone are probably not sufficient 
evidence for the general conclusion that noble metal 
alloying improves the susceptibility to passivation 
by oxidizing agents. More direct evidence was ob- 
tained by a combination of electrochemical and 
corrosion data. It was observed that in 20° H.SO, 
at room temperature, unalloyed Ti shows unstable 
passivity when the solution is oxygen-saturated. 
This is shown in Fig. 7A. The potential oscillates in 
an unpredictable manner from a value only slightly 
more noble than the critical potential for passivity 
(shown in Fig. 7B) to an active value. The rela- 
tively active value of the passive potential of un- 
alloyed Ti is due primarily to a particularly small 
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Fig. 7. Anodic behavior of Ti and electrode potential of Ti 
and Ti alloyed with Pt or Pd in 20% H.SO, at room temper- 
ature. 
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Table II. Effect of Pt and Pd alloy additions on the corrosion 
resistance of Ti in oxygen-free H.SO, and HCI at 190°C (374°F) 


value of exchange current for oxygen reduction on 
the Ti surface. Alloys containing Pt and Pd are 
0.7-0.8 v more noble than unalloyed Ti and only 
about 0.3 v more active than Pt in the same solu- 
tion. These data are an ideal illustration of the 
mechanism shown in Fig. 6. 

Figure 7C shows potential-time behavior in 
hydrogen-saturated solution. Platinum exhibits the 
reversible hydrogen potential. Potentials of Ti con- 
taining Pt and Pd are within 25 mv of this value. 
The potential of unalloyed Ti, which initially had an 
air-formed film, is active. This illustrates the basic 
mechanism of noble metal alloy additions shown in 
Fig. 1. 

Note in Fig. 7 that relatively stable potentials are 
not observed in the potential region where the 
anodic polarization curve has a negative slope. 
When the potential of passive Ti reaches the critical 
potential, it moves rapidly to active values. When 
active Ti reaches potentials close to that at the criti- 
cal current, it moves rapidly to passive values. Also 
note that the potential of active Ti in oxygen- 
saturated solution is more noble than active Ti in 
hydrogen-saturated acid because of the combined 
cathodic reduction of oxygen and hydrogen ions. 

Weight loss data for the electrodes whose be- 
havior is described in Fig. 7A and C are shown in 
Table III. Alloys containing Pt or Pd are passive 
and exhibit negligible corrosion rates in either 
hydrogen- or oxygen-saturated acid. Unalloyed Ti 
is active in hydrogen-saturated solution and is 
intermittently active in oxygen-saturated solution. 
In the latter case, the weight loss is between that 
observed for the active and passive conditions. 

These experiments in 20° H.SO, support the 
concept that Ti containing noble metal alloy addi- 
tions is much more sensitive to oxidizing agents 
than unalloyed metal. Data, which show that this 
extends to trace concentrations of oxidizing agents, 
were obtained by measuring the mixed potential of 
Ti and Ti alloys containing Pt as a function of ferric 
ion concentration in boiling 1° H.SO,. Measure- 
ments which were conducted in the manner de- 
scribed previously (1) are shown in Fig. 8. Tita- 
nium, which is initially active, requires a ferric ion 
concentration of about 0.2 mg/ml to passivate. 
Platinum-containing alloys which are already 
electrochemically passive in this environment (see 
Fig. 5) without ferric ion additions respond mark- 
edly to concentrations of the oxidizing agent which 


Table III. Effect of O. and H. on corrosion resistance of 
Ti and Ti alloys in room temperature 20% H.SO, 


Weight loss, 
mil/yr 


Ti 4* 
29 
<2t 
<2 
<2 
<2 


Ti + 0.37% Pt 
Ti + 0.44% Pd 


* Passive during most of test. See Fig. 7A. 
+ The possible weighing error of these tests is +2 mil/yr 
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Fig. 8 Effect of ferric ion concentration in boiling 1% 
H.SO, on the potential of Ti and Ti-Pt alloys. 


are less than one-hundredth of that necessary to 
passivate Ti. 
Conclusions 

1. Alloying Ti with small amounts of Pt, Pd, Re, 
Ru, Ir, Os, Rh, and Au markedly improves corrosion 
resistance to H,SO,, HCl, and other reducing-type 
media. 

2. The mixed potentials of Ti-noble metal alloys 
which exhibit low corrosion rates are more noble 
than the critical potential for passivity of Ti in the 
same environment. Anodic polarization of these 
alloys shows only passive behavior, whereas cath- 
odic polarization into the active potential region 
produces an increase in corrosion rate. 

3. Electrochemical passivity is observed in hydro- 
gen-saturated systems without the presence of a 
redox system more oxidizing than the hydrogen 
electrode. 

4. The mixed potential of Ti-noble metal alloys 
is much more sensitive to traces of oxidizing agents 
than unalloyed metal. 

5. The above observations are consistent with the 
theory of noble metal alloying proposed. Titanium 
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is particularly susceptible to improvement by al- 
loying because it exhibits unusually active values of 
critical potential for passivity in a variety of media. 

6. Alloying Ti with noble metals is not detri- 
mental to behavior in oxidizing media, such as HNO, 
or ferric chloride. This is expected since Ti does not 
exhibit a transpassive potential region where the 
dissolution rate increases at quite noble potential 
values. Similar alloying in the case of stainless 
steels is expected to be detrimental under highly 
oxidizing conditions because of the transpassive be- 
havior of Fe-Cr-Ni-type alloys. Thus, the addition 
of small amounts of noble metals to Ti produces a 
material with unusually broad corrosion resistance 
to both oxidizing and reducing-type media. 


Manuscript received April 6, 1959. This paper was 
prepared for delivery before the Columbus Meeting, 
Oct. 18-22, 1959. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1960 JOURNAL. 
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High-Temperature Sulfiding of Iron Alloys in 
Hydrogen Sulfide-Hydrogen Mixtures 


E. W. Haycock 
Shell Development Company, Emeryville, California 


ABSTRACT 


Rates of sulfide scale formation on pure iron and a series of chromium 
steels have been measured over the temperature range 400°-550°C in H.S-H:, 
mixtures at a total pressure of 600 psi with an H.S partial pressure of 0.6 psi 
for exposure periods up to 500 hr. A mechanism of scaling, involving the de- 
pletion of a barrier scale layer by recrystallization and grain growth processes, 
is proposed and substantiated by laboratory studies of the structural properties 
and mode of formation of scales grown on the various materials studied. A 
single kinetic equation, based on this mechanism, is shown to satisfy the rate 
curves over the complete range of conditions studied. A solid defect structure, 
protons trapped at metal ion vacancies, is suggested to explain the effect of 
hydrogen on the scaling process. The term “E” center is suggested to describe 


such a lattice irregularity. 


Interest in the high-temperature steel-hydrogen 
sulfide reaction has been stimulated in recent years 
by scaling problems experienced in high-tempera- 
ture refining operations of the petroleum industry. 


Corrosion due to presence of H.S in hydrorefining 
processes has been unexpectedly severe, chromium 
steels containing up to 9% chromium scaling equally 
as rapid as carbon steel. Several investigations of 
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this reaction have been reported (1). Of these in- 
vestigations, those carried out under well-controlled 
conditions have, for the most part, involved rela- 
tively short duration exposures and have been per- 
formed at or near atmospheric pressure. The pri- 
mary objective of the investigation reported here 
was to study the kinetics and mechanism of scaling 
under conditions similar to those experienced in 
refinery operations. This has involved scaling ex- 
periments at elevated pressures and with exposure 
times beyond the range reported by previous in- 
vestigators. In the present investigation, corrosion 
rates of pure iron and iron-chromium alloys have 
been compared with those of commercial steels and 
scaling rates studied as a function of chromium 
content. 

Dravnieks and Samans (2) recently have sug- 
gested a mechanism for the steel-hydrogen sulfide 
reaction. Mechanistic studies of the iron-H.S re- 
action have been reported by Delahay and co- 
workers (3). The interpretation of kinetic data in 
these studies is complicated by the thermodynamic 
possibility that FeS, could be formed as well as FeS. 
In the present work the H.S/H. mole ratio has been 
maintained at a sufficiently low value to insure that 
over the entire range of conditions studied FeS was 
the only stable product phase. As a result of the 
present kinetic and mechanistic studies a new 
mechanism of the reaction is proposed. Although the 
present studies confirm certain hypothetical features 
of the Dravnieks-Samans mechanism, our kinetics 
analysis differs significantly from that of the above 
authors and allows the experimental data to be 
explained by a single rate equation over the entire 
range of conditions studied. 


Experimental Rate Measurements 

The rates of scaling of pure iron, %% Mo steel, 
and a series of chromium steels were measured over 
the temperature range 400°-550°C in H.S-H,. mix- 
tures at a total pressure of 600 psi with an H.S 
partial pressure of 0.6 psi. On the basis of thermo- 
dynamic data published by Rosenqvist (4), FeS is 
the stable product under these conditions. The com- 
positions of the alloys studied are given in Table I. 
Two pure irons, Armco and Ferrovac E, were used, 
and no significant differences were observed in the 
relatively long exposure scaling rates studied. Com- 
mercial %2% Mo steel was used rather than carbon 
steel to avoid hydrogen attack of the metal. 

The experiments were made in the apparatus 
shown schematically in Fig. 1. Metal specimens were 
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Fig. 1. Schematic diagram of apparatus used to measure 
metal scaling rate in H»S/H. mixtures at 600 psi. 


exposed in three stainless steel reactor tubes heated 
by electric furnaces which were maintained at 
chosen temperatures +2°C by a Celectray indicator- 
controller. The temperature controller was actuated 
by iron-constantan thermocouples situated in 
thermowells close to the metal specimens. 

Cylinder hydrogen (99.8% H., 0.15% O., 0.05% 
N.) was led through a Deoxo catalytic cartridge and 
drying column to remove oxygen. The desired H.S- 
H, mixture was obtained by dividing the hydrogen 
stream and passing part of it through liquid H.S in a 
dry ice bath. The divided gas stream then was re- 
mixed and passed through a preheat column into 
the reactors. Division of the hydrogen stream to the 
desired extent was achieved by the use of Foxboro 
flow recorder-controllers. The total flow of gas over 
the scaling specimens was maintained at a suffi- 
ciently high rate to keep the effluent H.S concentra- 
tion to within 10% of the inlet concentration. The 
gas composition at both the inlet and outlet was 
checked at frequent intervals, and in many experi- 
ments the difference in inlet and outlet composition 
was considerably less than this amount. For ease in 
long term continuous operation, H.S was removed 
from the effluent gas in soda lime towers and the 
hydrogen recycled. 

The metal specimens studied were in the form of 
cylindrical rings approximately % in. long, % in. 
O.D., with 3/32 in. wall thickness. Ring specimens 
were chosen primarily to insure that scale samples 
would be obtained in situ on the metal surface for 
subsequent examination by metallurgical micro- 
scopic techniques. The scales formed under com- 


Table |, Alloy compositions 


Weight % constituents 


Nominal alloy composition 


c Mn 


Armco iron 

Ferrovac E* 

14% Mo steel 

5% Cr, %% Mo steel 
9% Cr, 1% Mo steel 
12% Cr, type 410 

18% Cr, 8% Ni, type 304 


0.03 0.02 
0.01 <0.02 


0.003 
0.004 
0.018 
0.002 
0.012 
0.010 
0.014 


* Vacuum melted pure iron. 
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pression on the inside of the rings remained intact, 
whereas in many cases the scales on the outer 
surfaces of ring specimens or on flat specimens 
would spall on cooling from the reactor tempera- 
tures. Up to ten specimens could be supported in 
each reactor tube. 

The experimental procedure adopted was as fol- 
lows. Prior to exposure, specimens were ground 
smooth and sharp edges removed with 180 grit 
abrasive followed by soft rubber erasing. Specimens 
then were washed with acetone, weighed, and 
loaded into preheated reactor tubes under nitrogen. 
Final temperature adjustments were made as the 
nitrogen was swept out with hydrogen and the 
pressure brought up to 600 psi. The hydrogen sul- 
fide-hydrogen stream then was introduced and 
scaling allowed to proceed for various exposure 
times up to 500 hr. Experiments were terminated by 
stopping flows to the reactors, venting, and purging 
with nitrogen. To determine the extent of metal 
consumption after each exposure, the specimens 
were descaled in an electrolytic cleaner in 5°%w 
sulfuric acid, dried, soft rubber erased, and weighed. 
Duplication of alloy specimens allowed additional 
sampes for scale analyses and microscopic examina- 
tion. 

Experimental Results and Discussion 

The rate curves obtained were similar in form to 
those obtained for carbon steel by Dravnieks and 
Samans (2). For all of the alloys studied, the rate 
of scaling was observed to be high initially and 
gradually decrease over the first 20-30 hr to ap- 
proach an essentially constant value. 

The scaling rate curves for pure iron, %% Mo 
steel, and 5% Cr, %°%% Mo steel are illustrated in 
Fig. 2, 3, and 4 for exposures up to 500 hr. The 
shapes of these curves are typical of all of the alloys 
studied including 18-8 stainless steel. Several ex- 
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Fig. 2. Sulfiding rate curves for pure iron 
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Fig. 3. Sulfiding rate curves for 2% Mao steel 
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Fig. 4 Sulfiding rate curves for 5% Cr-¥%2% Mo steel. 
Curves are plots of Eq. | with the following rate constants 


Temp, °C K, K, 
400 1.1 0.14 
480 5 0.23 
565 18 0.31 


periments with pure iron-chromium alloys, made 
by vacuum melting “Ferrovac E” pure iron with 
electrolytic chromium, showed no significant differ- 
ence in scaling properties between these materials 
and the corresponding commercial alloys. A large 
number of scaling experiments, which will not be 
reported in detail here, have been made under vary- 
ing partial pressures of H.S and H.. These experi- 
ments have confirmed previously reported (1) ob- 
servations that, within the thermodynamic limits of 
FeS stability, the over-all scaling rate depends on 
the partial pressure of H.S and is not affected by 
changes in the partial pressure of H.. 

Scale structure and composition.—Scales formed 
on all of the materials investigated consisted of two 
well-defined layers. The scales resembled those de- 
scribed by Delahay (3) for the pure iron-H.S prod- 
uct and by Dravnieks (2) for the carbon steel cor- 
rosion product. The layer next to the metal consisted 
of small disorganized crystallites and was coherent 
and adherent. The second layer adjacent to the 
gaseous environment consisted of a columnar array 
of relatively large crystals with pores extending 
from the gas interface to the surface of the adherent 
sulfide layer. The scale structure illustrated by the 
photomicrograph shown in Fig. 5 is typical of that 
obtained on all of the materials studied. 

Chemical analyses of the individual scale layers 
showed that, for pure iron and the low chromium 
steels, the main constituent of both layers was metal 
deficient ferrous sulfide. Similar results for pure 
iron have been reported by Delahay (3). This was 
confirmed by power x-ray analyses, the iron sulfide 


Outer 


Porous 


Layer 


Inner 


Con pac t 


Layer 


Metal 


Fig. 5. Sulfide scale formed on 12% Cr steel. Specimen 
scaled 400 hr at 565°C, partial pressure, H.S 0.3 psi in 600 
psi Hs. Magnification 100X before reduction for publication. 
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super lattice (a’) pattern being obtained in all cases. 
This structure is associated with the FeS composi- 
tion range 50-50.74 at. % sulfur. Similar x-ray 
patterns have been reported by Bruns (5). For the 
chromium alloys, chemical analyses showed that 
chromium and molybdenum were retained in the 
scale layer next to the metal. Other trace metals 
present such as nickel and manganese were found to 
be distributed throughout both layers, although 
some tendency to retain nickel in the inner layer 
was observed. Silicon and carbon were found to ac- 
cumulate in the inner layer. For the higher chro- 
mium steels and for low chromium steels which had 
been exposed sufficiently long to allow a significant 
concentration of chromium to be built up in the 
inner scale layer, an x-ray pattern corresponding to 
the spinel structure FeCr.S, was observed. Although 
no thermodynamic data are available for this com- 
pound, by comparison with the analogous oxygen 
compound, it would be expected to have a high 
negative free energy of formation and its occurrence 
accounts for the retention of chromium in the inner 
scale layer. 

Mechanism of scale formation.—Microscopic 
study of scale structure strongly suggests that the 
outer porous scale layer is formed at the expense of 
the inner layer by a recrystallization and grain 
growth mechanism. This is indicated by the sharp- 
ness of the interface between the scale layers and 
the change in crystal size and orientation from one 
layer to the other. It is also in keeping with the 
observation that for pure iron both layers are iden- 
tical within the limits determinable by chemical and 
x-ray analyses. 

To obtain confirmation of this general model, 
inert marker experiments were performed on 1% 
Cr, %% Mo steel, and %% Mo steel scaled under 
the conditions previously described for the rate 
measurements. Three marking materials were used: 
chromium oxide, aluminum oxide, and platinum 
metal dust. The positions of the chromium oxide and 
platinum markers were studied by metallographic 
techniques and aluminum oxide by chemical analy- 
ses of the scale layers. In all cases markers were 
found distributed throughout the outer scale layers 
and on the outermost scale surface. Some markers, 
particularly in the case of chromium oxide, were 
found at the interface between the scale layers, and 
the relative number and appearance of these 
markers suggested that the chromium oxide was not 
entirely inert and that some inhibition of the pro- 
cesses taking place at the interface between the two 
scale layers was occurring. The fact that no markers 
were found in the inner layer or at the metal sur- 
face clearly indicates that the inner scale layer was 
formed by sulfide ion diffusion to the metal surface. 
The general scattering of markers through the outer 
layer suggests that continuous rearrangement takes 
place in this layer, and this is in keeping with the 
proposed model of its formation by recrystallization 
and grain growth processes. 

The growth of the inner layer by sulfide ion diffu- 
sion to the metal surface necessitates that this layer 
be formed under high compressive stress. The molar 
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volume of ferrous sulfide is considerably greater 
than that of the parent metal and, except for some 
relief due to slight plastic deformation, the product 
sulfide is confined beneath existing scale to the same 
volume as that initially occupied by the parent 
metal. It seems probable that the stress in the inner 
scale layer is the main driving force for nucleation 
and growth of the outer scale layer. The phenome- 
non of stress induced recrystallization is well 
known, particularly in metal systems. A pertinent 
example of this is the observation that the growth 
of single crystal tin “whiskers” from polycrystalline 
tin is greatly enhanced by the application of a com- 
pressive stress (6). 

The difference in the mechanism of scale forma- 
tion in hydrogen sulfide environments as compared 
to sulfide formation in sulfur vapor studied by 
Birchenall (7) is dealt with later when interaction 
of hydrogen with metal deficient ferrous sulfide is 
discussed. 

Kinetic analysis of rate data.—Microscopic ex- 
amination of sulfide scales formed in hydrogen sul- 
fide environments indicates that the porosity of the 
outer scale layer is sufficiently high to render it in- 
effective as a solid diffusion barrier between the 
metal and the gas phase. The main resistance to re- 
action appears to reside in the inner barrier layer 
scale. The simplest kinetic model which adequately 
explains the experimental observations is one to 
which a combination parabolic-linear law may be 
applied in which the linear component of the rate is 
associated with the process occurring at the interface 
between the compact and the porous scale layers. By 
comparison with other solid-state interface transfor- 
mations, the proposed recrystallization process for 
the formation of the porous layer would be expected 
to occur at a linear rate and the interfacial area will 
remain sensibly constant throughout the reaction. 
The barrier layer scale therefore will grow by the 
diffusion of sulfide ions to the metal surface and be 
depleted at a constant rate by the process forming 
the porous outer scale layer. If it is assumed that 
diffusion across the inner scale layer determines the 
rate of metal consumption, then this rate will be in- 
versely proportional to the inner scale thickness. The 
rate of scaling will start therefore at a high value 
and decline as the inner scale thickens. When the 
rate of metal consumption approaches the rate of 
recrystallization, the inner scale layer will approach 
a constant thickness and the scaling rate will ap- 
proach a constant value. This model leads to the ex- 
pression 


K, 


K, 
In 
K, K, — K.(x — K.t) 


[1] 


for the metal weight loss as a function of time, 
where x equals metal weight loss, t, time, K, is a 
rate constant associated with the parabolic diffusion 
process by which the barrier layer is formed, and 
K, a rate constant associated with the linear re- 
crystallization rate by which it is depleted. 
Equation [1] is a general expression for the rate 
of scaling of any system in which a diffusion bar- 
rier, which would normally be formed parabolically, 
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is depleted at a constant rate by any secondary pro- 

cess. Its derivation, which is an extension of the 
work of Loriers (8) and Wagner (9), will be given 
in more detail in the following paper (10) where it 
is applied to systems other than sulfiding. 

The close correspondence between the present 
experimental data and the theoretical rate curves 
obtained from Eq. [1] for the range of conditions 
studied is shown in Fig. 4 for 5% Cr, %% Mo steel. 
Similar agreement has been found for the other 
alloys studied. 

Equation [1] is based on a model of an ideal 
system. The assumptions made in its derivation are: 
(a) the consumption of metal is controlled solely by 
diffusion processes in the compact layer, i.e., no 
surface or interface reaction influences the primary 
reaction; (b) the diffusion coefficient of the rate- 
determining species is constant throughout the re- 
action; (c) the secondary interface reaction giving 
the porous scale layer depletes the diffusion barrier 
at a uniform rate; and (d) both scale layers begin 
to grow at t = 0 and have constant density through- 
out the reaction. For the early stages of scaling on 
pure iron and the low chromium steels, these re- 
quirements apparently are obeyed reasonably well. 
However, at long exposure times deviations are to 
be expected and the results of some of these are ap- 
parent in scales formed in long term experiments 
in both laboratory and refinery plant equipment. 
The presence of nonmetallic materials (carbon and 
silicon) in the steels may introduce a changing ad- 
ditional resistance to the consumption of metal at 
the metal-scale interface. The enrichment of certain 
alloy constituents in various locations in the scale 
gradually will effect the diffusion coefficient of other 
constituents. The outer scale layer, as it thickens, 
may offer a gradually increasing resistance to gas 
flow to the interface between the two scale layers. 
Thus, at the base of pores of the outer scales, the 
ratio of H, to H.S may increase as the porous scale 
grows and gaseous diffusion paths to the reaction 
zone become longer. The compact diffusion barrier 
may develop stress cracks as the reaction proceeds. 
The scale interface reaction, which is thought of 
basically as a recrystallization process, could be 
affected by changes in concentration of foreign 
materials at the interface. 

Experimental observations of scale layer thick- 
nesses made in the present study indicate that the 
inner scale layer thickens over the first 24-hr ex- 
posure to a value which remains essentially con- 
stant for 70-100 hr. A slight but continuous thicken- 
ing of the inner layer takes place for 100-500 hr 
exposure and this is accompanied by a slight de- 
crease in the rate of thickening of the outer porous 
layer. These deviations from the theoretical model 
do not appear to be of sufficient magnitude to pre- 
vent the experimental rate curves being fitted ade- 
quately by Eq. [1]. 

Values of K, and K,, plotted as a function of tem- 
perature according to the Arrhenius equation, are 
shown in Fig. 6 and 7. Straight lines were obtained 
in all cases, which adds support of internal con- 
sistency to the proposed mechanism and kinetic 
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Fig. 6 Arrhenius plots for Ky, 
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mg/cm? hr 
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Fig. 7. Arrhenius plots for K, 


analysis. For the purpose of clarity, the pure iron 
K, plot has been omitted from Fig. 6 and the lines 
for various alloys have been grouped in Fig. 7. 
Activation energies and pre-exponential factors 
determined from the data for each individual metal 
are given in Table II for the diffusion and recrystal- 
lization processes. The accuracy with which weight 
losses could be determined and the deviations of 
individual points from the theoretical curves ob- 
tained from Eq. [1] set a limit of accuracy of +1 
keal on the reported activation energies for all 
alloys except 18-8 stainless steel. In this case weight 
losses were very small and the experimental data 
more widely scattered. The data given for 18-8 


Table II. Activation energies and pre-exponential factors 


for parabolic and linear processes 
K = Ae-#/RT 


Parabolic rate Linear rate 


constant, Ky constant, K; 
Activation Pre-exp. Activation Pre-exp. 
energy, E, factor, A, energy, E, factor, A, 
Alloy kcal/mole mg?/cem‘hr kcal/mole mg/cm? hr 


Iron 12.5 2.1 < 1 7 
% Mo 10 3 7 
5% Cr, %% Mo 19 1.6 x 1 7 
9% Cr, 1% Mo 20 2.4 « 10° 7 
2.9 x 1 7 
3.7 x 1 6 


12% Cr,type 410 28 
18-8, type 304 17 


September 1959 


| 
} 
5% Cr | 
mCr 
| 
PURE IRON AND 0-9% Cr s 
io~* 
TYPE 4! 
18-8 TYPE 304 
1.21 1.3 4 1.5 
oF 
Ps 
10 
10 
10 
7 x 10° 


Vol. 106, No. 9 


stainless steel therefore could be considerably in 
error and should be taken for comparison in a 
qualitative rather than quantitative sense. It will 
be seen that, with the chromium alloys, the activa- 
tion energy for the diffusion process increases as the 
chromium content of the steel increases. The activa- 
tion energy of the recrystallization process, how- 
ever, stays essentially constant until the 12% 
chromium alloy is reached and then increases 
sharply for the 18% Cr, 8% Ni stainless steel. 

These activation energy data serve to illustrate 
several practical features of the scaling process. 
Since, on the basis of the proposed model, the ulti- 
mate rate of scale formation is determined by the 
recrystallization rather than the diffusion process, 
the constancy of the activation energies and pre- 
exponential factors for the recrystallization process 
are to be expected since practical experience has 
shown that chromium additions of less than 12% to 
steel are not beneficial in lowering the long-term 
scaling rate (1). The fact that the activation ener- 
gies for the diffusion process increase with chro- 
mium content implies that, if the scaling process 
involved the diffusion-controlled formation of the 
barrier scale only, then low percentage chromium 
additions would be beneficial in reducing scaling. 
This is in keeping with experience in oxidation of 
chromium steels where no porous scale layer is pro- 
duced and low percentage additions of chromium 
lower the scaling rate. It is anticipated that addi- 
tions of chromium would be beneficial in the pure 
sulfur vapor scaling system. 


Effect of Hydrogen on Ferrous Sulfide Scale Formation 


The effect of hydrogen in high-temperature sul- 
fiding of iron can be appreciated best by compari- 
son of the scaling processes in hydrogen sulfide and 
in pure sulfur vapor. In hydrogen sulfide environ- 
ments the rate of scaling is high initially and falls 
to an essentially constant value. A two-layer scale 
is formed, the inner layer growing by sulfide ion 
diffusion to the metal surface. In contrast to this, 
the iron-sulfur vapor reaction follows a parabolic 
rate law (7). A single layer scale is formed and has 
been shown by Birchenall to grow by iron ion diffu- 
sion from the metal surface to the scale-gas inter- 
face. Since the product in both cases is iron deficient 
ferrous sulfide, it is evident that hydrogen plays an 
important role in the mechanism of scale formation 
in hydrogen sulfide environments. 

To obtain a quantitative measure of the inter- 
action of hydrogen with ferrous sulfide, the all glass 
apparatus shown schematically in Fig. 8 has been 
used. In a typical experiment a sample of ferrous 
sulfide in bulb A was equilibrated with a reservoir 
mixture of approximately 6% hydrogen sulfide in 
hydrogen at atmospheric pressure for 15 hr at 
500°C. This gas composition was suitable to main- 
tain ferrous sulfide thermodynamically _ stable 
against bulk reduction at this temperature. The 
adsorption chamber A was then evacuated to 10° 
mm Hg at 500°C for 8 hr. A known amount of 
H.S-H. mixture was introduced into the system 
from the reservoir, and the adsorption of gases fol- 
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Fig. 8. Schematic diagram of apparatus used to measure 
absorption of hydrogen by ferrous sulfide. 
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Fig. 9. Adsorption of H:S/Hs mixture on ferrous sulfide at 
500°C. Weight of ferrous sulfide, 75.6 g; surface area (after 
experiment), 0.11 m*/g; gas pressure at zero time, 40.8 cm 
Hg; gas pressure after 12 hr, 15.8 cm Hg; initial composi- 
tion of H:S/H. mixture, 6.15% H.S; gas composition after 12 
hr, 10.9% HS; hydrogen adsorbed after 12 hr, 10.4 ces 


(N.T.P.); hydrogen sulfide adsorbed after 12 hr, 0.34 ccs 
(N.T.P). 


lowed by the reduction in pressure measured with a 
glass capillary bourdon gauge (11). At any stage of 
the adsorption a part of the ambient gas could be 
isolated in section B of the apparatus and the H.S 
condensed out in the ampoule C. This allowed a 
measurement of the H.S/H, volume ratio existing 
above the adsorbent at any given time. The volumes 
of the various sections of the apparatus were cali- 
brated with helium. Furnace temperatures were 
controlled to +2°C. The surface area of the sulfide 
was determined after each experiment to allow for 
any sintering which might occur. Surface areas 
were measured by the B.E.T. method using nitrogen. 
A typical adsorption isotherm is shown in Fig. 9 
with the pertinent primary and calculated data for 
the experiment. It will be seen that the system had 
not reached equilibrium even after 12 hr. Even if it 
is assumed that the evacuation treatment before 
adsorption removed all of the hydrogen associated 
with the ferrous sulfide, the total measured amount 
of hydrogen adsorbed after 12 hr exceeds the value 
expected for a monolayer. The slow, essentially 
linear, adsorption observed after 1 hr is attributed 
to the solution of hydrogen into the bulk sulfide. 
The adsorption of hydrogen by metal deficient 
oxides, materials known as p-type semiconductors, 
has been studied extensively and it is known that 
the adsorption of hydrogen is accompanied by a 
decrease in electrical conductivity (12). It is an- 
ticipated therefore that the adsorption of hydrogen 
by ferrous sulfide and incorporation into the lattice 
would be accompanied by a decrease in the concen- 
tration of positive holes. From a chemical point of 
view this is equivalent to adsorbed hydrogen re- 
ducing the number of ferric ions in the metal 
deficient ferrous sulfide lattice. Assuming this to be 
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Fig. 11. Growth of iron-deficient ferrous sulfide modified by 
hydrogen 
the case, and recognizing the difference in scaling 


mechanism observed in hydrogen sulfide and sulfur 
vapor, i.e., scale formation by diffusion of sulfide 
rather than iron ions, it appears that hydrogen is 
incorporated in the ferrous sulfide lattice as protons 
associated with metal ion vacancies. As illustrated 
schematically in Fig. 10, iron deficient ferrous sul- 
fide formed by the reaction of iron with sulfur vapor 
would be expected to contain metal ion vacancies, 
of which a part are compensated for electrically by 
sulfide ion vacancies and a part by the existence of 
ferric ions. It is suggested that interaction of hydro- 
gen with this system results in a structure shown in 
the reaction scheme illustrated in Fig. 11. In addi- 
tion to chemisorbed hydrogen at the surface, pro- 
tons will be incorporated into the lattice reducing 
the number of ferric ions. This structure can be 
regarded as equivalent to a number of HS ions 
incorporated in the lattice, these ions being dis- 
sociated to an extent dependent on temperature. 
Since metal ion vacancies carry an effective nega- 
tive charge, they would be expected to be efficient 
traps for protons in the lattice. It is proposed to 
name the defect structure of a proton trapped at a 
metal ion vacancy an “E” center. A previous sug- 
gestion of such a structure has been made by Caplan 
and Cohen (13) to explain the inhibiting effect of 
water in the high temperature oxidation of iron- 
chromium alloys. An “E” center would be expected 
to have certain properties similar to those of the 
well-established “f” center, i.e., an electron trapped 
at an anionic vacancy. The effective diameter of 
protons trapped at metal ion vacancies would in- 
crease with temperature and, under the scaling 
conditions studied, an “E”’ center could be expected 
to present an effective barrier to the migration of 
metal ions. 

The recrystallization phenomena observed with 
sulfide scaling in the presence of hydrogen suggest 
that, in addition to blocking iron ion diffusion, the 
interaction of hydrogen enhances the mobility of the 
relatively bulky sulfide ions. This is readily under- 
stood on the basis of the above model since the pres- 
ence of singly charged HS ions will tend to loosen 
the close packed sulfide ion lattice. Surface mobility 
of sulfide ions would be expected to increase since 
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the energy required to transfer an HS ion from the 
bulk sulfide to a surface adsorbed state would be 
considerably less than for a S~ ion. Such surface 
mobility is the process considered to be important 
in recrystallization and grain growth processes. 

The enhanced surface ionic mobility in the pres- 
ence of hydrogen has been demonstrated by sinter- 
ing experiments. Powdered ferrous sulfide with an 
initial B.E.T. surface area of 0.5 sq meter/g was 
maintained in a vacuum of 10° mm Hg for 5 hr at 
500°C. No detectable change in surface area oc- 
curred. Heating the powder at the same tempera- 
ture in a hydrogen-7% H.S atmosphere for 2 hr 
reduced the surface area to a half of its initial value, 
and the powder had visibly sintered to a porous 
plug. 

On the basis of hydrogen interacting with the 
ferrous sulfide product to (a) retard metal ion diffu- 
sion, and (b) accelerate surface and bulk diffusion 
of sulfide ions, it is possible to account for the differ- 
ence in mechanisms observed when steel is scaled in 
hydrogen sulfide and in sulfur vapor. 

The general similarity in oxide and _ sulfide 
systems suggests that the effects of hydrogen inter- 
action discussed here for iron sulfide would also 
apply to metals oxidized in water vapor, although 
similar effects might be expected to occur over 
different temperature ranges due to the difference 
in stability of OH™ and SH ions. The study by 
Gulbransen (14) of the orientation of oxide crystals 
formed on iron lends support to the suggestion that 
the interaction of hydrogen with iron oxides will 
enhance the mobility of oxide ions. It was shown 
that iron scaled in pure oxygen produced a poorly 
oriented surface oxide. However, iron scaled in 
water vapor was found to form a highly oriented 
film. The bulky anions in the presence of hydrogen 
apparently possessed sufficient mobility to achieve a 
desired orientation in the time of oxide formation. 
The system Fe-H.O-H, has been studied by Chau- 
dron and co-workers (15), and these authors de- 
scribe a double scale formation similar to that 
observed in the iron-hydrogen sulfide reaction. 
Further experimental work will be required, in- 
volving measurement of cation and anion diffusion 
rates in metal deficient oxides and sulfides in the 
presence of hydrogen, to firmly establish the effects 
suggested by the present study. 
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Transitions from Parabolic to Linear Kinetics in Scaling of Metals 


E. W. Haycock 


Shell Development Company, Emeryville, California 


ABSTRACT 


A general rate equation is derived for a model of a barrier scale layer 
being formed by a diffusion process and simultaneously being depleted at a 
constant rate by a secondary process. The equation, derived to satisfy rate 
curves for sulfide scaling of iron in hydrogen sulfide, is shown to be applicable 
to the oxidation of aluminum and hafnium over ranges of conditions where 
two or three rate equations have been used previously to explain the experi- 
mental data. The validity of this equation emphasizes the importance of sec- 
ondary processes, such as scale recrystallization, in determining the over-all 
rate of high-temperature corrosion reactions. 


An important part of fundamental studies of the 
mechanism of high-temperature corrosion is the fit- 
ting of theoretical rate equations, derived from 
mechanistic models, to experimental scaling data. 
The basis of nearly all kinetic treatments of scaling 
processes, beyond the thin film range, is the simple, 
diffusion-controlled formation of a barrier product 
layer. The accepted mechanism by which the barrier 
scale grows according to a parabolic rate equation is 
attributed mainly to Wagner (1) and has been de- 
scribed exhaustively in recent review texts (2,3). 
Many scaling systems, however, do not follow a 
parabolic equation except over limited ranges of 
temperature. Other rate equations such as linear, 
cubic, exponential, or combinations of these have 
been shown to fit experimental rate data for various 
systems, and a number of mechanisms have been 
suggested to account for these deviations from para- 
bolic behavior (2,3). 

For the oxidation of most metals, an intermediate 
temperature range has been observed over which a 
parabolic rate law is reasonably well obeyed. At low 
temperatures a tendency toward logarithmic laws 
has been noted, while linear kinetics are favored at 
elevated temperatures. The apparent need for more 
than one theoretical rate equation to satisfy experi- 
mental data over a range of temperatures usually 
has been ascribed to transitions in the mechansim of 
scaling. 

Systems which have not received an adequate 
quantitative treatment are those whose rates begin 
at a high value and then decrease over a certain time 
period to follow linear kinetics for the remainder of 
the scaling reaction. In these systems the linear por- 


tion of the rate curve may begin close to the origin or 
may not be apparent until the scaling reaction is 
well advanced, depending on the temperature of 
reaction. The purpose of this paper is to develop a 
quantitative approach which yields an equation ca- 
pable of satisfying rate curves of this type over a 
wide range of conditions. 


Mechanisms Associated with Linear Kinetics 

Linear rate laws generally are associated with one 
of two mechanistic features. Surface reactions oc- 
curring at either the metal-scale or scale-gas inter- 
face can be considered in some cases to be slow and 
therefore rate determining. If the interface has a 
constant area throughout the reaction, then an over- 
all linear rate law would be expected. The second 
mechanism giving rise to linear kinetics depends on 
the formation of an “open” or porous scale structure. 
This includes systems where volatile products are 
formed. Early investigators of oxidation systems as- 
sociated a porous scale with metals, such as the alka- 
line earth metals, whose oxides have a smaller molar 
volume than the parent metal. The oxides of these 
systems were supposed to be formed under tension, 
and hence crack and shear as the scale thickened to 
give access of reactant gas to the metal surface at a 
constant rate. This is the basis of the well-known 
Pilling-Bedworth (4) rule. An improved under- 
standing of the mechanism of oxide formation, how- 
ever, has shown that the Pilling-Bedworth rule is 
without theoretical foundation (5,6) for scales 
formed by metal ion diffusion. A more reasonable 
explanation, discussed by Evans (7), is that crack- 
ing, shearing, etc., can occur as a result of stresses 
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in the product scale but that the rate of metal con- 
sumption is determined by diffusion across a thin 
barrier layer on the metal surface which builds up 
to and then maintains a constant thickness. Such a 
mechanism can apply equally well to systems whose 
oxides have a molar volume greater or less than that 
of the parent metal. 

Following a study of the oxidation of cerium, 
Loriers (8) suggested that the observed linear ki- 
netics could be explained by the formation of a po- 
rous CeO, layer on top of a nonporous Ce.O, barrier 
layer. The outer scale layer was observed to grow at 
the expense of the barrier layer at a constant rate 
while the consumption of metal was controlled by a 
diffusion process in the barrier layer. The barrier 
layer approached a constant thickness as the rate of 
its formation became equal to the rate of formation 
of the outer porous layer. The over-all rate of re- 
action therefore was high initially and decreased to 
approach a constant value. Similar reasoning has 
been applied by Wagner (9) to the oxidation of 
tungsten, and it appears that the same mechanistic 
approach can be used for the oxidation of uranium 
(10) and thorium (11). In all of these cases a two- 
layer scale is formed. The outer layer is porous and is 
a higher oxide of the metal than the compact inner 
barrier scale. In these systems it is reasonable to as- 
sume that the porous layer is formed at the expense 
of the barrier layer by nucleation and growth of a 
different chemical phase. 

There are other scaling systems, such as iron-H.S 
(12), and the oxidation of aluminum (13, 14), haf- 
nium (15), calcium (16), and magnesium (17), 
where linear rate curves are obtained over certain 
temperature ranges. In these cases, however, where 
two scale layers have been observed, both layers 
have been found to be chemically the same material. 
In these systems it seems logical to extend the ki- 
netics described qualitatively by Loriers (8) and to 
attribute the formation of the porous second layer to 
recrystallization and grain growth processes. Such a 
mechanism is treated in the following section. 


Proposed Scaling Mechanism 


By extending the qualitative arguments of Evans 
(7) and Loriers (8), the mechanistic model illus- 
trated in Fig. 1 can be described in a quantitative 
manner. 

A barrier layer scale AB is formed on the metal 
surface, its rate of formation being governed by ionic 
diffusion. Simultaneously, a secondary process is 
superimposed upon this primary process which de- 
pletes the barrier layer at a constant rate. In Fig. 1 
this secondary process is shown to give the scale 
layer BC which is assumed to be sufficiently porous 
so that it offers no significant barrier to the avail- 
ability of reactive gas at the interface B. The rate of 
metal consumption will be inversely proportional to 
the thickness of the compact barrier layer and will 
be given by the standard parabolic equation (18). 


dx/dt = ak,/2p [1] 


where x is metal weight loss at time t; », thickness of 
compact layer at time t; k,, parabolic rate constant; 
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METAL | COMPACT 


SCALE 


A B 


Fig. 1. Schematic model for derivation of rate equation 


and a, a conversion factor relating the thickness of 
metal reacted to the thickness of the compact scale 
produced. In an unhindered, single scale forming 
reaction governed entirely by a parabolic kinetic 
law, a would be defined by x = au. In addition to the 
usual assumptions of constant diffusion coefficient 
and uniform area at interface A, Eq. [1] assumes 
that layer AB has a constant uniform density. 

Let « be the thickness of the porous layer at time 
t. As a first approximation we assume the recrystal- 
lization process to begin at t = 0. Then 


ez k,t [2] 
where k, = linear rate constant of the interface re- 
action forming BC. We write 

x= ap + de [3] 


where a and b are the density conversion factors 
from metal to the two scale types. This introduces 
the assumption that the porous layer has a constant 
density throughout the reaction. Substituting in Eq. 
[3] from Eq. [1] and [2], » and e in terms of x and 
t, we obtain 


[4] 


K, = a°k,/2 
K, = bk, 


Integration of Eq. [4] yields the equation giving 
metal weight loss as a function of time 


K, 
In [5] 
K, K, — — K,t) 


In the general case, the process which depletes the 
barrier layer may be either vaporization of the pri- 
mary reaction product or, as in the case illustrated, 
the formation of a solid second scale layer. If a 
solid second layer is formed, it must either be porous 
and offer negligible resistance to the availability of 
reactive gases at the interface between the two-scale 
layers or it must have a structure such that solid 
diffusion rates in it are very rapid compared to those 
in the barrier layer. Mechanical processes such as 
cracking, spalling, etc., can be considered as pos- 
sible mechanisms of porous second layer scale for- 
mation. However, the general smoothness of linear 
rate curves and conformance with the Arrhenius 
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Fig. 2. Theoretical rate curves. X = haf 
Ki K, — Ki(X — Kit) 


equation as a function of temperature are considered 
evidence against such an unpredictable process as 
mechanical cracking being important in more than a 
few cases. In instances where the porous and barrier 
layers are chemically identical, the most reasonable 
mechanism of porous scale formation appears to be 
recrystallization and grain growth. 

If we eliminate x and « from Eq. [1], [2], and [3] 
we obtain 

d 

[6] 

dt ap a 
The inner scale grows, i.e., du/dt is positive, as long 
as K,/a°u > K,/a. As » approaches a thickness given 
by K,/a*» = k,/a, then dy/dt approaches zero. The 
inner layer, therefore, approaches a constant thick- 
ness » = K,/aK,. It should be pointed out that math- 
ematically this occurs at infinity. However, for prac- 
tical purposes, the inner scale layer can be consid- 
ered to become essentially constant after it has 
achieved 95% of its ultimate thickness. Equation [6] 
has been derived by Wagner and co-workers (9) for 
the oxidation of tungsten. 

A plot of Eq. [5] yields a curve which approaches 
the straight line K, — K,(x — K,t) = 0. The general 
shape characteristics of the curve are determined by 
the relative values of K, and K,. When K, is large 
compared with K,, the parabolic features of the 
equation are emphasized and the plot is considerably 
curved for short exposure time. As K, increases rela- 
tive to K,, the linear portion of the plot begins closer 
to the origin of reaction. These variations are illus- 
trated by the theoretical rate curves shown in Fig. 2. 

In the following sections, Equation [5] is applied 
to systems where scale recrystallization appears to 
be the mechanism of porous second layer scale for- 
mation, and sufficient data are available to test the 
equation. The K, and K, values reported for these 
systems were obtained from the experimental data in 
the following way. A trial asymptote was drawn to 
the final stages of the rate curve. As stated above, 
this line should follow the equation K,—K,(x—K,t) 
= 0, and hence the gradient was an approximate 
value of K, and the intercept on the x axis an ap- 
proximate value of K,/K,. The approximate values 
of K, and K, obtained in this way were then adjusted 
slightly to give the best coincidence with the experi- 
mental data. The number of significant figures to 


which values of K, and K, are reported is an indica- 
tion of the sensitivity with which the experimental 
rate curves could be fitted. 


Application of Proposed Mechanism and 
General Rate Equation 


Iron-hydrogen sulfide reaction.—In the preceding 
paper (19), Eq. [5] was shown to satisfy sulfiding 
rates of iron and a series of chromium steels over a 
range of environmental conditions. For this system 
two scale layers are formed. Both layers consist of 
iron deficient ferrous sulfide. The inner barrier layer 
is formed by the diffusion of sulfide ions to the 
metal-scale interface. Since this involves the forma- 
tion of ferrous sulfide beneath existing scale, it is 
expected that the barrier layer would be formed 
under high compressive stresses. The formation of 
the porous layer is attributed to stress induced re- 
crystallization of the inner scale layer. 

Oxidation of aluminum.—An apparent kinetic 
transition from parabolic to linear oxidation of alu- 
minum has been observed at 475° to 500°C by Gul- 
bransen (13) and Smeltzer (14). Hunter and Fowle 
(20) have shown that oxide films on aluminum con- 
sist of two layers, a barrier layer and a porous outer 
layer. Vermilyea (6) has suggested that recrystal- 
lization qualitatively could account for the formation 
of the porous layer and explain the transition to 
linear kinetics. 

Equation [5] is fitted to the experimental data of 
Gulbransen (13) in Fig. 3. The three lower curves in 
this figure have been fitted with a parabolic equation 
by Gulbransen, while no attempt was made to satisfy 
the upper curve. It can be seen that Eq. [5] is capa- 
ble of fitting all the curves over the apparent transi- 
tion range. The rate constants K, and K, obtained 
from Fig. 3 have been plotted according to the Ar- 
rhenius equation in Fig. 4. Straight lines are ob- 
tained, and this is an indication of internal con- 
sistency in the application of Eq. [5] to the alumi- 
num system. The experimental activation energy of 
23 kcal for K, is identical to that obtained by Gul- 
bransen from parabolic rate constants of the lower 
temperature curves and is of the order of magni- 
tude expected for the movement of metal ions in an 
oxide system. The activation energy of 49 kcal for 
K, is similar to the value of 50.5 kcal obtained by 
Leontis and Rhines (17) for the linear high tem- 
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to aluminum oxidation rate data. Experimental data taken 
from Ref. (13). 
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Fig. 4. Arrhenius plots for the oxidation of aluminum 


perature oxidation of magnesium. It would be ex- 
pected that the rate of recrystallization in aluminum 
oxide would be controlled by the surface mobility of 
the relatively bulky oxide ions. A high activation 
energy for this process would be expected for refrac- 
tory oxides such as alumina and magnesia which are 
known to be difficult to sinter even at very high 
temperatures. 

On the basis of our previous discussion of the 
effects of the relative values of K, and K, on the 
shape of the plot of Eq. [5], it would be expected 
that the apparent transition from parabolic to linear 
kinetics would occur over a small range of tempera- 
ture for systems in which K, has a high temperature 
coefficient compared with K,. This effect is well illus- 
trated by the oxidation of aluminum. 

The successful application of Eq. [5] to the oxida- 
tion curves shown in Fig. 3 emphasizes that short 
term experiments can be misleading in mechanistic 
studies. If the mechanism associated with Eq. [5] is 
correct, then the low temperature curves in Fig. 3 
would become straight lines if the experiments were 
continued for sufficient time. The application of 
parabolic equations to these curves is misleading, 
especially if a particular mechanism is associated 
with the parabolic law. It is important that the cor- 
rect mechanism and kinetic equations be established 
if the kinetic data are to be used for theoretical ab- 
solute rate calculations such as those attempted by 
Gulbransen (21). 

Oxidation of hafnium.—The oxidation of hafnium 
from 350° to 1200°C has been studied recently by 
Smeltzer and Simnad (15). The mechanism appears 
to be very similar to that of the iron-H,S system. A 
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two-layer scale is formed. Both layers consist of 
HfO., and the outer layer is very porous. Inert 
marker experiments indicate that the barrier layer 
is formed by diffusion of oxygen from the gas-scale 
interface to the metal surface and hence would be 
formed under a high compressive stress. The above 
authors have used an exponential, parabolic, and 
linear law successively to satisfy empirically the ex- 
perimental data over the temperature range studied. 
The scale thickness measurements reported by 
Smeltzer and Simnad support the mechanism used to 
derive Eq. [5]. They have shown that the barrier 
layer approaches a constant thickness which can be 
expressed in terms of the rate constants K, and K,. 
The application of Eq. [5] to the experimental re- 
sults of Smeltzer and Simnad is shown in Fig. 5. It 
can be seen that the equation explains the data pre- 
viously fitted by three equations. There is no theo- 
retical evidence therefore of “transitions” occurring 
over the temperature range studied. As a further test 
of internal consistency, the straight-line Arrhenius 
plots, for values of K, and K, obtained from Fig. 5, 
are shown in Fig. 6. The activation energy of 36 kcal 
obtained for K, is identical to the value reported by 
Smeltzer and Simnad from parabolic rate constants 
obtained by approximating portions of the experi- 
ment rate curves to parabolas over the temperature 
range 470°-1200°C. The activation energy of 18 kcal 
for K, is somewhat lower than the value of 26 kcal 
reported by the above authors from linear rate con- 
stants obtained from portions of the experimental 
rate curves in the temperature range 900°-1200°C. 
This difference results because, in our analysis of the 
experimental rate curves, only the 1200°C curve was 
considered to have reached the final linear stage. The 
curves presented by Smeltzer and Simnad for 900° 
and 1000°C were considered not to have reached the 
final linear rate of reaction in the exposure time 
studied. Since Smeltzer and Simnad illustrated the 
growth of the barrier layer oxide by oxide ion diffu- 
sion, the activation energy of 36 kcal is associated 
with the bulk mobility of oxide ions in polycrystal- 
line hafnia. On the basis of a recrystallization proc- 
ess determining the rate of formation of the outer 
porous scale layer, the activation energy of 18 kcal is 
associated with the surface mobility of ions. Since, in 
this case, the temperature coefficient of K, is greater 
than that of K,, apparent transitions in short term 
exposures are spread over a wide temperature 
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to hafnium oxidation rate data. Experimental data taken from 
Ref. (15). 
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Fig. 6. Arrhenius plots for the oxidation of hafnium 


range. The closest approximation of the rate curves 
to parabolas occurs at the highest temperatures. 

A possible extension of the proposed kinetic treat- 
ment is that Eq. [5] will be modified in some cases 
to include the possibility that the secondary process 
does not begin at t = 0. In cases similar to those dis- 
cussed, this would correspond to the requirement 
that a minimum stress level be reached before for- 
mation of the porous layer begins. This modification 
yields a rate equation of the form 


dx K, 
dt x—K,(t+t.) 


[7] 


where t, is the time at which the secondary process 
begins. Such an equation would be expected to apply 
to systems such as the oxidation of niobium studied 
recently by Cathcart, Campbell, and Smith (22). 


Conclusions 


It has been shown that a single rate equation can 
replace the need for multiple equations in several 
systems for which sufficient experimental data are 
available to test its validity. It is probable that, when 
more data are available, it will be possible to show 
its general applicability to other scaling reactions. 
For the systems discussed, the concept of transitions 
in mechanism occurring over certain temperature 
ranges has been shown to be an unnecessary com- 
plication of previous kinetic treatments. The present 
analysis emphasizes the fact that short duration ex- 
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periments can be misleading in studies of scaling 
mechanisms. 

The general validity of Eq. [5] for the systems 
discussed indicates that secondary processes, such as 
scale recrystallization, can be of considerable im- 
portance in determining the rate of scaling processes. 
The application of Eq. [5] in future studies, and 
further development of the mechanistic concept as- 
sociated with it, should be helpful in improving our 
understanding of the mechanism of corrosion at high 
temperature. 
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The Effect of Halides on the Capacity and Resistance 
of the Magnesium Electrode in Aqueous Solutions 
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ABSTRACT 


A study of potential-time decay curves at anodically and cathodically 


polarized magnesium by the d-c current interrupter method is presented. Po- 
tential-time oscillograms and polarization curves were determined for mag- 
nesium electrodes in buffered and unbuffered aqueous solutions containing 
chloride, bromide, iodide, and fluoride. Film capacity, solution double layer 
capacity, and resistance data determined from .the oscillograms using the 


electrical analog 


C, film 


R film 


Rd 


is presented where Cd and Rd are the capacity and resistance of the Helmholtz- 


R solution 


Gouy double layer. The effect of specific adsorption of anions and the physical 


Local corrosion (1-3) and electrochemical forma- 
tion of Mg’ (4-10), Mg.’ (11), and Mg-Mg™ (3) 
have been suggested to explain the negative differ- 
ence effect observed for magnesium. The existence 
of the ions Mg’, Mg.’’, and Mg-Mg* has not been 
definitely established, and the negative difference 
effect of Mg may, in fact, be explained solely on the 
basis of local corrosion. It can be stated with cer- 
tainty, however, that even if Mg’ is formed, local 
corrosion must also occur. This conclusion follows 
from the experimental facts: (a) values of the ap- 
parent Mg valency (determined coulometrically) 
less than unity as well as greater than unity have 
been observed; (b) a positive difference effect is ob- 
served for Mg at low anodic current densities in so- 
lutions containing HCl or NH,Cl (9,12). Observed 
Mg valencies greater than unity may be explained by 
electrochemical formation of Mg”, either directly or 
via the reaction, Mg’ Mg’ +e (5). 

From the above considerations it may be con- 
cluded: (a) the potential of Mg is a mixed anodic- 
cathodic potential, and (b) although the mechanism 
of the local anodic reaction is uncertain it consists, in 
part, of the electrochemical formation of Mg”, either 
directly or via monovalent Mg. The local cathodic 
reaction is generally the hydrogen evolution reaction 
but may under some experimental conditions consist 
both of the h.e.r. and the oxygen adsorption reaction 
(13, 14). 

The potential of the Mg electrode may be under 
anodic, cathodic, or mixed control depending on the 
experimental conditions. In acid solutions (pH’s < 3 
in unbuffered solutions) the corrosion reaction is 
probably under cathodic control; the potential be- 
comes more noble with increasing hydrogen ion con- 
centration (15) and the corrosion proceeds under 
H,O’ diffusion control (16,17). At high pH’s (pH > 
11 in unbuffered solutions), the potential increases 


nature of the film on the magnesium electrode are discussed. 


sharply in the more noble direction with increasing 
pH and anodization causes passivation (15) which 
indicates that at high pH’s the reaction is under 
anodic control. In the intermediate pH range the po- 
tential of Mg is practically independent of pH and a 
transition from cathodic to anodic control probably 
occurs. Film formation at high pH’s undoubtedly 
plays a major role in the transition from cathodic 
to anodic control and there are indications that 
transport phenomena through surface film may be 
partly rate controlling even at low pH’s (18). Al- 
though the chemical composition of the surface film 
is reasonably well established (19-23), little is 
known concerning such important factors as the con- 
ductivity and porosity of the film. The Mg electrode 
potential is dependent on the nature and concentra- 
tion of inactive anions in solution (24) which sug- 
gests that specific adsorption effects of anions on the 
electrode might also be important. 

This study was undertaken in order to gain fur- 
ther information on the roles of specific adsorption of 
anions and film formation in the electrochemical be- 
havior of Mg. It was felt that a comparison of the 
effect of halide ions on the Mg electrode capacity, re- 
sistance, and polarization curves would provide in- 
formation on specific adsorption and film effects. A 
limited amount of data exists in the literature which 
might be used for predicting the adsorption behavior 
of halide ions on Mg. Cl", Br‘, and I* form soluble 
salts with Mg, whereas MgF. is insoluble leading to 
passive films. The order of increasing adsorption of 
these ions on mercury are F" < Cl" < Br’ <I" (25). 
The fluoride ion is not considered to be specifically 
adsorbed on mercury. On platinum, I"' is probably 
more strongly adsorbed than Cl"; the minimum in 
the Pt electrode capacity vs. potential curve for solu- 
tions containing I“ is more cathodic than that for 
solutions containing Cl" (26). The same order of 
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Fig. 1. D-C current interrupter apparatus 


adsorbability of Cl", Br’, and I’ might be expected 
for Mg as for Hg and Pt. 


Experimental 


Polarization capacity and resistance was deter- 
mined by the d-c current interrupter method. The 
current interrupter technique used was similar to 
that of Shuldiner and White (27). The circuit is given 
in Fig. 1. The cell was polarized by means of a con- 
stant current supplied in the plate circuit of the pen- 
tode 6AK5. The pentode was hooked up as a triode. 
By reversing the DPDT switch the Mg electrode 
could be made anodic or cathodic. The potential of 
the Mg electrode was continuously recorded on a 
Speedomax recorder. Potential-time oscillograms 
were determined as follows. A negative pulse with a 
rise time of 0.1 usec was supplied to the grid of the 
pentode which shuts off the tube for the pulse in- 
terval; the Teletronics pulse generator was used to 
give interruption times from 1 ysec to 1 msec, and a 
Tektronix type 161 pulse generator was used for 
pulse widths from 1 msec to 0.1 sec. The pulse gen- 
erator could be triggered by the oscillator to give 
from 0.1 pulses/sec to 5000 pulses/sec; repetition 
rates less than 0.1 pulses/sec could not be recorded 
on the oscilloscope. The pulse generator was trig- 
gered to a Tektronix type 545 oscilloscope which re- 
corded the potential-time changes occurring at the 
Mg electrode during the current interruption. The 
maximum sensitivity of the Tektronix type 53/54D 
preamplifier was 1 mv/cm. Oscilloscope traces were 
photographed with a type 299 Dumas oscilloscope 
recording camera. 

Potential-current polarization curves were deter- 
mined using the constant current method. The Mg 
electrode was anodically polarized at 0.4 ma/cm* for 
12 hr during which time the potential reaches a 
steady value. The current was then changed in steps 
lasting about % hr from 0.4 ma/cm* anodic to 0.4 
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Fig. 2. Potential-time decay curves of anodically polarized 
Mg; A, B, and C; solution, 0.05M NaOH, 0.186N H;BO;; 
0.1M NaCl; pH = 8.9; 0.4 ma/cm’*. D; solution 0.1M NaF; 
0.035 ma/cm’. 
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ma/cm* cathodic and back again to 0.4 ma/cm* 
anodic in steps. At each setting of the current the 
potential was recorded on the Speedomax recorder 
and potential-time oscillograms were taken. The 
electrolytic cell was machined from Lucite, cylin- 
drical in shape, with a slit along the top through 
which the reference electrodes could be immersed in 
the solution. The distance of the reference electrode 
from the Mg electrode could be varied along the 
length of the cell. The working electrode was plati- 
nized platinum; the reference electrode (R,) was a 
silver-silver halide electrode; and R, was a Mg wire 
reference electrode (Fig. 1). 

The Mg test electrode (area = 5 cm’) was ma- 
chined from commercially distilled pure Mg. This 
material was supplied to have a minimum purity of 
99.96% with a total Fe, Ni, and Cu content not 
greater than 0.005%. The Mg electrode surface was 
prepared by polishing on silicon carbide papers fol- 
lowed by a 1 min etch in 10% HNO, acid solution. 
The optical and electron microscopes revealed a clean 
surface preparation. By electron diffraction exam- 
ination the film remaining on the Mg electrode after 
the chemical etch was shown to be MgO and Mg(OH).. 

Solutions were prepared from reagent grade salts. 
During a run fresh solution was continuously sup- 
plied to the cell solution by means of an overflow 
system. 

Results 

Typical potential-time decay curves are given in 
Fig. 2, 3, and 4. The potential-time curves are inter- 
preted in terms of the equivalent electrical circuit: 


C3 


C, is the capacity of the electrical double layer with 
the film as dielectric and R, is the polarization re- 
sistance of the film; C, and R, are the capacity and 
polarization resistance of the solution electrical 
double layer; R, is that part of the pore resistance of 
the film which is noncapacitive; and R, is the resist- 
ance of the solution between the reference electrode 
and the magnesium electrode. 

The equivalent electrical circuit is based on the 
model of the metal electrode given in Fig. 11 which 
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Fig. 3. Potential-time decay curves of anodically polarized 
Mg after various polarization times in a solution containing 
0.1M NaOH; 0.1M H;BOs, and 0.1M NaBr; 0.4 ma/cm’; 
pH 11. 
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Fig. 4. Calculated and experimental potential-time decay 
curves of anodically polarized Mg in solution containing 
0.05M NaOH, 0.186 H,BO,, and 0.1M NaCl; 0.4 ma/cm’; 
pH 8.9 


is described in the Discussion. The solution double 
layer (Fig. 11) is considered to be in a pore of a 
nonconducting type film. The comparison of the 
electrical double layer of the electrode with an 
equivalent circuit is not strictly correct, but it is a 
simple and convenient manner in which to express 
the results of this type of experiment. 

The components of the equivalent circuit are de- 
termined from the potential-time oscillograms. The 
potential drop which occurs in the first 0.3 usec of 
the interruption in Fig. 2A, which will be called the 
series polarization, is the sum of the potential drops 
across elements of the equivalent circuit with time 
constants <0.3 psec; the series resistance (R,) is 
equal to the series polarization divided by the value 
of the current before interruption. R, is equal to the 
sum of R, and R, and will also include R, and R, if 
R,C, and C,R, is < 0.3 psec. The residual series re- 
sistance exclusive of the solution resistance is ob- 
tained by measuring the series polarization at vari- 
ous points from the Mg electrode; R, is a function of 
the distance of the reference electrode from the Mg 
electrode whereas R, and R, are not. Typical plots of 
the series resistance vs. the distance of the reference 
electrode from the Mg electrode are given in Fig. 5; 
the residual series resistance for both cases is 25 
ohm-cm’, For the experimental conditions studied in 
this work the contribution of the residual series re- 
sistance to the overpotential of the Mg electrode is 
less than 5% in active solutions and less than 1% in 
passive solutions. 

The capacity of the Mg electrode (C) is defined by 
the expression: 


i'/(dE/dt),. [1] 


where i’ is the current at the moment of interruption 
and (dE/dt),., is the slope of the potential-time de- 
cay curve taken at t = 0. 

The rate of potential decay across the capacitive 
part of the equivalent circuit is 


dE/dt —-(E,/R,C, + E./R.C.) [2] 


where E, and E, are the potentials across the film and 
solution double layer circuits, respectively. At t = 0, 
E,/R, = E./Ra = 7 


500 T T 


0.1m NaOH 
O.1M Hs B80, 


250 


O.1M NaCl 


2 
DISTANCE IN INCHES 


SERIES RESISTANCE (ohms-em®) 


Fig. 5. Series resistance as a function of distance of the 
reference electrode from the Mg electrode: 0.4 ma/cm’. 
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Fig. 6. Magnesium electrode capacity as a function of 
polarization potential; pH = 8.9. 


(dE/dt), —i’(C, C.)/CK. [3] 


and 
C,C./ (C, + C,) [4] 


Equation [3] is simplified when the time constants 
R,C, and R,C, are quite different, and then 


(dE/dt),.. = —i’/C, 
or = —i’/C, 


[5a] 
[5b] 


depending on the time range studied by the oscillo- 
scope. Magnesium electrode capacity data are given 
in Fig. 6 and Table I. The experimental capacities 
are correlated with the components of the equivalent 
electrical circuit in the discussion. 

The parallel polarization resistance is obtained 
from the potential time oscillograms using the equa- 
tion: 


dE/dt 4 [6] 


| 

where R,, is the parallel polarization resistance of 
either the film or the solution double layer; | AE | { = § 
is the difference in potential and | AdE/dt | {= 4 
is the difference in rate of potential decay at times 
t = t and t = 0. Equation [6] is valid when the time 
constants for decay across the film and solution 
double layers are equal or when one of the two decay 
rates is small compared to the other. Resistance data 
for the solutions studied are given in Table I. The 
reproducibility of R,, determinations using Eq. [6] 
is about +50%. 

Potential-current polarization curves of Mg in 
buffered and unbuffered solutions with halide addi- 
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Solution 


0.05M NaOH, 0.186M H,BO, 
0.1M NaCl 

0.05M NaOH, 0.186M H,BO, 
0.0002M NaCl 

0.05M NaOH, 0.186M H,BO, 
0.1M Nal 

0.05M NaOH, 0.186M H,BO, 
0.1M NaBr 

0.05M NaOH, 0.186M H,BO, 


0.05M NaOH, 0.186M H,BO, 
0.1M NaF 

0.085M NaOH, 0.113M H,BO, 
0.1M NaCl 

0.10M NaOH, 0.10M H,BO, 

0.10M NaOH, 0.10M H,BO, 
0.1M NaCl 

0.10M NaOH, 0.10M H,BO, 
0.1M Nal 

0.10M NaOH, 0.10M H,BO, 
0.1M NaBr 

0.10M NaOH, 0.10M H,BO, 
0.1M NaF 

0.1M NaCl 

0.1M NaBr 

0.1M Nal 

0.1M NaF 
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Current 
ma/cm? 


0.39(a) 
0.40(c) 
0.40 (a) 
0.40(c) 
0.40 (a) 
0.19(c) 
0.40 (a) 
0.40 (c) 
0.40 (a) 
0.42 (c) 
0.21(a) 
0.28(c) 
0.40(a) 
0.40 (c) 
0.37 (a) 
0.36 (a) 


0.35 (a) 
0.38 (a) 


0.14(a) 
0.20(c) 
0.36 (a) 
0.38(a) 
0.4(a) 
0.14(a) 
0.50(c) 


Table | 


Polarization 
potential, 
v-H scale 


—1.40 
—1.72 
—1.18 
—1.72 
—1.37 
—1.70 
—1.41 
—1.75 
—1.15 
—1.70 
4.5 
—2.4 
—1.35 
—1.79 
2.42 
—1.23 


—0.86 
—1.12 


9.0 
—2.27 
—1.21 
—1.32 
—1.34 

13.7 
—2.29 


Rest 


potential (E.), 


v-H scale 


—1.61 
—1.61 
—1.48 
—1.48 
—1.63 
—1.63 
—1.63 
—1.63 
—1.48 
—1.48 
—1.5 

—1.5 

—1.62 
—1.62 
—1.38 
—1.41 


—1.45 
—1.40 


—1.42 
—1.42 
—1.44 
—1.50 
—1.45 
—1.63 
—1.63 


polarization, v 


Series 


0.038 
0.038 
0.125 
0.150 
0.038 
0.016 
0.052 
0.040 
0.12 

0.14 

0.030 
0.040 
0.033 
0.036 
0.065 
0.028 


0.030 
0.036 


0.012 
0.020 
0.090 
0.040 
0.038 
0.004 
0.018 


resistance, 


Parallel 


ohm-cm? 


Capacity, 


11.2 
8.8 
11.0 
7.2 
12.2 
8.2 
12.8 
9.4 
11.2 
7.0 
0.30 
0.36 
10.0 
7.4 
0.2 
0.5 


0.2 
0.4 


(a) Anodic polarization; ‘c) Cathodic polarization. 


tions are given in Fig. 7, 8, 9, and 10. The reproduci- 
bility of potential measurements for the experi- 
mental conditions of Fig. 7, 8, and 9 is 30 mv and for 
Fig. 10 the reproducibility is 0.2 v. Cathodic polari- 
zation measurements of Mg in solutions buffered at 
pH = 11 containing NaCl, NaBr, or Nal and un- 
buffered solutions containing NaCl, NaBr, or Nal are 
nonreproducible and are not presented. 


Discusssion 


An exact theoretical treatment of the potential 
time curves observed in this work is not possible; the 
current density is probably nonuniform over the 
electrode surface and the electrochemical mechanism 
is complicated and uncertain. However, a semiquan- 
titative and perhaps fortuitous agreement between 
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Fig. 7. Anodic and cathodic polarization curves of Mg cor- 
rected for series polarization; pH = 
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the current interrupter theory and experiment was 
found. 

An equation for the potential-time decay curves 
is derived in the following manner. Assume the rate- 
controlling reaction is: 


Mg = Mg” + ne [7] 


The forward current (i ) and the reverse current 


(i) of reaction [7] are given by the equations (28), 


i= i, exp(anF AE,/RT) exp (anF AE/RT) [8] 


i= i, exp (—(1 — a) nFAE,/RT) 


exp (—(1—a)nFAE/RT) [9] 
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Fig. 8. Anodic polarization curve of Mg corrected for series 
polarization; pH 10.5. 
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Fig. 9. Anodic polarization curve of Mg corrected for series 
polarization; pH 11. 
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Fig. 10. Anodic and cathodic polarization curves of Mg 
corrected for series polarization; ®, pH 11; ©, pH 8.9; 
A, pH 11; O, pH 10. 


where AE = E — E., and AE, = E, — E,; i, is the ex- 
change current and a is the transfer coefficient for 
reaction [7]; F is the Faraday; R is the gas constant; 
T is the absolute temperature; E is the polarization 
potential; E. is the corrosion potential at zero applied 
current; E, is the equilibrium potential for reaction 
[7]; i is the applied current and i,.,, is the corrosion 
current. The current efficiency for the anodic dis- 
solution of Mg assuming n = 2 (3) is independent of 
current density at high current densities (i > 0.05 
ma/cm’) which indicates that the corrosion current 
is directly proportional to the applied current. Thus, 
it may be assumed that i.,.,, (K — 1) i where K is 
a constant (K > 1) which is independent of the ap- 
plied current. 
Since 
dE/dt = —i/C [11] 
then 
daE 


where it is assumed that E, and E, are independent 
of applied current. Integration of Eq. [12] by Gra- 
1 
hame’s method (29) using the assumptions a rt 
exp (anFAE,/RT) 
yields the equation 


1, and C is independent of AE 


1 + exp (—nFi,(t + t')/RTCK) 
= n- 
nF l 


[13] 
—exp (—nFi,(t + t')/RTCK) 
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t is measured from the moment of interruption and 
t' has the meaning that AE would be infinite at t = —t’. 
The assumption that exp (anFAE./RT) ~ 1 may set 
a fictitious value to the equilibrium potential for re- 
action [7], ie., E, ~ E., when Eq. [13] is applied to 
a corroding Mg electrode; the simultaneous occur- 
rence of the cathodic and anodic reactions on anodic- 
ally polarized Mg could have the effect of displacing 
the experimental potential of the electrode from the 
potential of the anodic reaction toward the poten- 
tial of the cathodic reaction if an appreciable ohmic 
potential drop exists between the reaction paths of 
the cathodic and anodic reactions. 

Equation [13] was derived for an electrode with 
a uniform current density over the surface. In active 
solutions at pH = 8.9 a uniform attack occurs on Mg 
which indicates a uniform current density. The gen- 
eral form of the potential-time decay curves for Mg 
in this type of solution is represented by Eq. [13]. 
In Fig. 4 the potential-time decay curve for anodically 
polarized Mg calculated from Eq. [13] using assumed 
values of n, t', K, and i, (n = 2, t' = 0.1 msec, K = 2, 
and i, = 0.024 ma/cm’*), and C= 10 y» f/em’ from 
initial slope compares well with the experimental 
potential-time decay curve. The rate of reaction [7] 
calculated from Eq. [10] is within an order of magni- 
tude of the rate of dissolution of Mg in this particular 
solution at the same current (10° moles/cm*/sec). 

In view of the many simplifying assumptions nec- 
essary for the derivation of Eq. [13] further inter- 
pretation of the results in terms of this equation 
would be unwarranted. The remainder of the dis- 
cussion will be concerned with qualitative interpre- 
tation of the capacity and potential data in terms of 
the equivalent electrical circuit previously given and 
the following concept of the structure of the Mg 
electrode interface. 

The structure of the Mg electrode interface will be 
assumed to be of the form schematically represented 
in Fig. 11. Positive and negative polarization refers 
to polarization relative to the potential of the zero 
point of charge. The anodic and cathodic reactions 
are assumed to occur at the barrier film-solution 
interface. In Fig. (11B) the electrode is considered 
to be sufficiently polarized to completely suppress 
the anodic reaction. The nature of the film is pH de- 
pendent. A thin nonporous barrier film is assumed to 
be present at all pH’s. In active solutions, at pH’s 

> 10.5, thick white films (10° cm) are formed on 
Mg; at pH’s < 10.5 thin films (< 10° cm) are formed. 
The discontinuity in film formation is due to precipi- 
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Fig. 11. Schematic diagrams of the electrical double layer 
of positively and negatively polarized Mg. 
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tation on the Mg at pH’s = 10.5 of Mg(OH). from 
solution (3). At the low field strength used in this 
work transport of ions and electrons through the 
thick film would not occur for nonpassive films. 

The capacity of the barrier film is a decreasing 
function of pH and polarization current since these 
factors would tend to increase the barrier film thick- 
ness. The polarization resistance of the barrier film 
is dependent on thickness and chemical and physical 
structure of the film; the latter factor controls the 
type of transport (ionic or electronic). The capacity 
of the solution double layer which includes the fixed 
double layer and the diffuse double layer is a com- 
plex function of potential; several maxima and min- 
ima are sometimes observed (25). In the simplest 
case the capacity of the solution double layer reaches 
a minimum at the potential of the zero point of 
charge and increased polarization increases the ca- 
pacity due to the decrease in effective distance be- 
tween the outer Helmholtz plane and the barrier 
film. The electrode capacity per unit of apparent 
area is directly related to the pore area and the 
polarization resistance of the electrode is inversely 
proportional to the pore area. 

Specific adsorption of anions on Mg would have 
the effect of increasing the capacity of the solution 
double layer and displacing the potential of the zero 
point of charge to more cathodic potentials. Specific 
adsorption of anions provides a means of explaining 
the negative difference effect of Mg. Increased anodic 
polarization causes increased adsorption on the bar- 
rier film which results in an increased positive 
charge on the diffuse double layer and a closer prox- 
imity of the diffuse double layer to the barrier film. 
Hydrogen ions in the diffuse double layer are there- 
fore more easily discharged at the barrier film by 
increased anodic polarization. 

In the following sections a satisfactory explanation 
of the experimental results is presented in terms of 
the pore theory. 


Buffered Solutions at pH = 8.9 

The halide additions affect the polarization curves 
of the buffer solutions but no specific effect of the 
anions Cl’, Br", or I are apparent (Fig. 7). The 
shift in potential observed in solutions without ha- 
lide additions is probably due to higher Helmholtz- 
Gouy double layer impedance corresponding to the 
lower conductivity of the buffer solution. The Mg 
electrode capacity is probably the solution double 
layer capacity (C,) since the capacity increases as 
the anodic polarization is increased (Fig. 6). Thus, 
it appears that the time constant for decay across the 
barrier film at pH = 8.9 is less than 0.3 usec. Specific 
effects of each of the halides on the capacity are not 
evident within the reproducibility of the experi- 
ments. The borate ion is apparently preferentially 
adsorbed on Mg in these solutions. 

Cathodic polarization in the range studied does not 
effect a change in sign of the charge on the metal 
surface from positive to negative (Fig. 11) since the 
capacity did not go through a minimum on cathodic 
polarization. The rate of dissolution of cathodically 
polarized Mg in these solutions is quite large which 
serves to maintain the Mg metal surface positively 
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charged or perhaps neutral (there is the possibility 
that the minimum in the capacity vs. potential curves 
was reached at the most cathodic potentials studied). 


Buffered Solutions at pH = 11 

The capacity of the Mg electrode at pH = 11 is 
considerably lower than the capacity at pH = 8.9 
(Table I). A decrease in capacity of both the barrier 
film and the solution double layer is expected due to 
the decreased reacting area of the electrode and in- 
creased barrier film thickness. The formation of the 
porous film or barrier film is a slow process; the Mg 
electrode capacity changes from 2 uf/cm* at 10 min 
polarization to 0.4 uf/cm’* at 20 hr polarization (Fig. 
3). Trends of the observed capacity at pH = 11 with 
specific halide ion or potential may be hidden due to 
the low reproducibility of capacity measurements in 
these solutions. Therefore, it is not possible to decide 
whether the experimental capacity is C,,C,, or the 
series capacity, C,C,/(C, + C,): 

Buffered solutions at pH = 11 without a halide 
additive exhibit passive potentials on anodic polari- 
zation in contrast to solutions buffered at pH = 8.9 
(Fig. 10). Halide additions destroy this passivity 
(Fig. 9). The order of increasing effectiveness of the 
halide ions as depassivating ions is I'' < Br' < Cl". 
The depassivating effect of halide additions on the 
passivity of Mg at pH = 11 is explicable in terms of 
the pore theory if it is assumed that the pore size is 
large enough for penetration by halide ions and too 
small for penetration by BO,” ions. The relative de- 
passivating effect of the halide ions may be due to 
the relative mobilities of the halide ions which fol- 
low this same order, i.e., < < Cl". 


Unbuffered Solutions 

The film formed on Mg in unbuffered solutions of 
NaCl, NaBr, and Nal is similar to that at pH = 11 
but the pH in the pores is probably lower than the 
bulk pH of the unbuffered solution. The reacting area 
of the Mg metal surface is increased over that in 
buffered solutions at pH = 8.9 by a change in type of 
attack from general to pitting and film formation in 
unbuffered solutions tends to decrease the reacting 
area of the barrier film. Without a knowledge of 
relative roughness factors of the electrode it is im- 
possible to compare observed capacities in unbuff- 
ered solutions with those in buffered solutions. The 
capacity of the Mg electrode in NaC! solution is sig- 
nificantly greater than for solutions of NaBr and Nal, 
which indicates that the Cl' ion is more strongly 
adsorbed on Mg than either the Br" ion or I‘ ion 
which is the reverse of what might be expected from 
data on Pt and Hg (25, 26). If this is true specific ad- 
sorption of anions does not produce significant 
changes in the potential of Mg (Fig. 8). The capacity 
of the Mg electrode in 0.1M NaCl solution deter- 
mined by Tomashov, et al. (13) using the a-c bridge 
method (500-5000 cps) is 7-8 uf/cm* which is in good 
agreement with this work (9 »f/cm’). 


Sodium Fluoride Solutions 
Magnesium in NaF solutions exhibits high anodic 
polarization (Fig. 10); the rest potential is active yet 
the corrosion rate is small. These facts may be ex- 
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plained by a pore theory with the following assump- 
tions: the barrier film is nonporous MgF, with inclu- 
sions of porous film; the area of the porous film is 
small compared with the area of the nonporous film; 
and the nonporous film becomes charged on anodic 
polarization, but electrochemical reaction both ca- 
thodic and anodic occurs only at the porous areas. 
Thus, at zero applied polarization the corrosion of 
Mg occurs at a slow rate at the pores which explains 
the active rest potential observed; anodic polariza- 
tion would partially fill up the pores with MgF, at a 
rate proportional to the applied polarization current 
and raise the potential in the pores to passive po- 
tentials. The anodic overpotential of Mg is less in 
buffered solution of NaF than in unbuffered solu- 
tions. Evidently the BO,” ion has a similar effect on 
the passivity of Mg in NaF solution as Cl", Br”, and 
I’ have on the passivity of Mg in the buffer solution 
at pH 11 but to a much lesser degree. Partial filling 
up of the pores with Mg(OH). explains the fact that 
the anodic overpotential is higher for NaF solutions 
buffered at pH = 11 than at pH = 8.9. The relatively 
lower overpotential for the cathodic polarization in- 
dicates that cathodic polarization does not reduce the 
pore area. 

The capacity in buffered and unbuffered solutions 
of NaF varied from 0.3 to 0.5 »f/cm* over the entire 
potential range studied. The invariance of the capac- 
ity over the large range of potentials suggest that the 
capacity is due to the nonporous areas of the film, the 
effective thickness of which is independent of poten- 
tial. The double layer with the nonporous areas of 
the film as dielectric discharges through the pores 
in the film. 

Resistance Measurements 

In solutions containing fluoride the parallel polari- 
zation resistance (R,,) varied from 600 ohm-cm* to 
3200 ohm-cm’; in all other solutions the parallel re- 
sistance varied from 25 ohm-cm* to 250 ohm-cm’. 
Little significance can be given to the values of R,, 
due to the poor reproducibility except to state that 
the relative magnitude of R, , for Mg in NaF solution 
indicates that the pore area is smaller than for the 
other solutions. 

The contribution of the ohmic potential drop to 
the total overpotential of Mg in the passivating solu- 
tions studied in this work is less than 1% which is 
in general agreement with the work of Epelboin, 
et al. (30). By application of a circuit breaking tech- 
nique Epelboin, et al. (30) have shown that the high 
potentials observed in passivating, anodic oxidation, 
and electrolytic polishing experiments are not due to 
diffusion overvoltage or ohmic drop but are probably 
due to adsorption effects of anions at the metal sur- 
face. 
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Use of Nickel-Aluminum Alloy Coatings for the 
Protection of Molybdenum from Oxidation 


W. Beck' 


American Electrometal Corporation, Yonkers, New York 


ABSTRACT 


Coatings produced by electrodeposition of aluminum on nickel-plated molyb- 
denum protect this metal effectively against high-temperature oxidation. In- 
formation about composition and distribution of the Ni-Al phases formed in 
the coating was obtained from a metallographic analysis of a layer created 
by deposition of aluminum from the cryolite bath on a sheet of high-purity 


nickel. 


Effective protection of molybdenum against high- 
temperature oxidation by a coating consisting of 
nickel aluminides has been reported recently by 
Couch, Shapiro, and Brenner (1). The coating was 
produced in an unorthodox fashion by electrodeposi- 
tion (1, 2) of aluminum from a fused cryolite bath 
onto nickel, which had been plated from an aqueous 
solution onto chromium-plated molybdenum. Some 
years ago, the author of this report (3) succeeded in 
imparting to Mo, protection against high-tempera- 
ture oxidation by converting its surface into a Mo-Al 
alloy, created during electrodeposition of Al from 
the cryolite bath. 

This paper is concerned with the production of Ni- 
Al coatings on Mo, removal of bath salts from the 
coating, testing of the effectiveness of the alloy layer 
to protect Mo against high-temperature oxidation, 
and the metallographic studies of a Ni-Al diffusion 
couple. 

These investigations were completed some years 
ago but were not published until now. 


Experimental Procedures and Results 

Specimens and pretreatment.—The specimens con- 
sisted of rods of Mo of 99.9% purity, ™% in. in diam- 
eter and 6 in. long. The ends were rounded in order 
to avoid sharp angles, ground with a green wheel, 
and finally polished on a hard rubber wheel. 

Various pretreatments were used to achieve satis- 
factory adhesion of the Ni plate to the Mo surface, 
including an anodic treatment in HF-HCl mixture 
and immersion in aqua regia. The latter method, 
which gave the best results, consisted of a 1-min dip 
in the acid mixture, followed by cleaning the speci- 
men with cotton under streaming water. This pro- 
cedure was repeated several times. Immediately fol- 
lowing the last immersion and cleaning, the speci- 
men was Ni plated. 

Nickel plating.—Nickel was electrodeposited from 
a Watts-type bath. The average plating thickness 
was 0.8 mil. 

Aluminum plating.—Aluminum was deposited on 
the Ni plating from a eutectic mixture of 75% cryo- 
lite with 25% NaF at a temperature of 1005° + 5°C. 


1 Present address: Aeronautical Materials Laboratory, Naval Air 
Material Center, Philadelphia 12, Pennsylvania. 


A uniform coating was obtained only when the total 
concentration of Al in the bath was kept above a 
minimum value. The Al used up during plating was 
replaced when necessary by recharging the crucible 
containing the bath with AIl.O, (saturated concen- 
tration of Al,O, in the eutectic mixture at 982°C is 
15%). 

After keeping the rods in the bath for 1 min, Al 
was plated at a current density of 0.15 amp/cm’. The 
approximate total thickness of the aluminide layer, 
after a plating time of 15 min, was 1.8 mil. 

All coatings were produced in a graphite crucible 
which served as the anode. Bath components were 
fused by means of high-frequency heating. 

Leaching of excess Al and bath salts and testing 
for protection against high-temperature oxidation.— 
To avoid premature breakdown of the coatings in 
the blast burner test to be described below, it is of 
the utmost importance to remove from the surface 
excess Al and cryolite without attacking the coating 
itself. 

Numerous attempts were made to solve this prob- 
lem; some of the results are reproduced in Table I. 
Most effective and least damaging is apparently a 
20% HCl solution when used at room temperature. 

After leaching, the rods were fastened securely in 
holders and about 1 in., measured from the tip of the 
rod, was inserted in the oxidizing cone of an air-gas 
blast burner. The temperature of the specimens in 
the flame was determined by optical measurements 
to be approximately 800°C. They were kept in the 
flame until the coating broke down and the Mo began 
to oxidize, evidenced by a change in color of the 
flame from reddish orange to bright yellow, which is 
caused by the oxidation products of Mo. The times to 
breakdown recorded on specimens leached in differ- 
ent solutions are listed in Table I. 

Microscopic examination of the nickel-aluminide 
coating, as plated and after breakdown.—Two sec- 
tions were taken through each rod after breakdown 
had occurred, section A about % in. from the tip of 
the rod, section B approximately 1 in. from section A. 

The specimens were mounted in a mixture of am- 
ber Bakelite and phenolic resin which has been 
found to be particularly suitable for coated material, 
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after leaching of excess 


Average thickness of 


Composition of coating Leaching solution 


Ni-Aluminide Specimen quenched with- 


out delay in 20% HCl 


Ni-Aluminide Specimen cooled to room 
temperature and leached 
in 20% HCl 

Ni-Aluminide Specimen cooled to room 


temperature and leached 
in 37% (conc.) HCl 

Ni-Aluminide Specimen cooled to room 
temperature and leached 
in 20% NaOH” 


Mo-Aluminide Dip in alkali melt™ fol- 
lowed by leaching in 20% 
HCl 


Ni plated from aqueous — 
solution 


Notes 


Total number of leached specimens was in all cases 10; 80% of specim 
™ Leaching time was at least 4 hr 
‘” Alkali melt consisted of 60° NaOH and 40% 


polished in the conventional manner, etched with 
Kellers (4) reagent, and then repolished. Subse- 
quently, photomicrographs were taken. 

Figures 1 to 3 are photomicrographs of section A. 
Figure 1 pictures a specimen in the as plated condi- 
tion. Micrographs shown in Fig. 2 and 3 are taken on 
specimens after 100- and 540-hr exposure to the 
blast burner. The coatings represent single phase 
systems and a number of breakdowns can be distin- 
guished. The coating thickness decreases slightly 
with increasing oxidation time. 


of 
Amber Bakelice 
) and Phenolic Resir 


Coating 
Mo 
Fig. 1. Ni-aluminide coating. Aluminum electrodeposited 


from eutectic NaF-cryolite bath on Ni plated on Mo; as 
plated; leaching in 20% HCI; Keller's etch. Magnification 
500X before reduction for publication. 


Mixture of 
Amber Bakelite 
and Phenolic Kesi: 


Ni Aluminide 
Coating 


Fig. 2. Ni-aluminide coating. Breakdown after 100-hr ex- 
posure to oxidizing flame at approx. 800°C; leaching in 20% 
HCI; Keller's etch. Magnification 500X before reduction for 
publication. 
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Table |. Time to breakdown of coated Mo specimens exposed to blast burner 


NavCOs and was used at 540°C. 
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Al and bath salts 


Time to break- 
alloy coating, 1.8 mil down in hours 
in blast burner, 
Temp. of spec- 
Appearance of solution or imens about 
coating after leaching 800°C 


Solution showed in all cases Max. 435 
green color “ Min. 208” 

In some cases, solution Max. 1100 
showed slight green color Min. 100” 

No change in color became Max. 200 
visible 

Coating changed color from Max. 100 


dark to black 


No change in color became Max. 600 
visible 


Max. 24 


‘) Leaching time in HC! in all cases was 2 hr; leaching solution was frequently renewed. 


nens had maximum lifetime. 


Figure 4 exhibits the characteristic “oxidation 
fingers’”” which are formed after the coating has 
broken down and the unprotected Mo is exposed to 
oxidation. There were no startling differences be- 
tween the A and B sections. 

Phase identification in a Ni-Al diffusion layer.— 
Various attempts to identify the phases formed in 
the nickel aluminide layer on Mo were not success- 
ful, therefore, a different approach was used. Alu- 
minum was electrodeposited from the cryolite bath 
saturated with AI.O, onto a sheet of A nickel (5), 


Mixture of 
Amber Bakelice 


and enolic Resin 
a 
“i Aluminide 


oacting 


Fig. 3. Ni-aluminide coating. Breakdown after 540-hr ex- 
posure to oxidizing flame at approx. 800°C; leaching in 20% 
HCI; Keller's etch. Magnification 500X before reduction for 
publication. 


Fig. 4. Type of oxidation fingers formed by oxidation of Mo 
on breakdown points of Ni-aluminide coating at 800°C. Mag- 
nification 500X before reduction for publication. 
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Fig. 5. Phases and phase distribution in Ni-Al diffusion 
layer produced by electrodeposition of Al from a eutectic 
NaF-cryolite bath (saturated with Al.O;) on a sheet of A Ni. 
Excess Al was removed in 20% HCI, anodic etch in 1 part 


conc. HCI with 3-5 parts ethyl alcohol, | v, 0.5 amp/in.*, 10 
sec. Magnification 1000X before reduction for publication. 


which was polished to a mirror finish and degreased 
prior to plating. 

The longest time of electrolysis was 5 hr. A num- 
ber of experiments were made with shorter ex- 
posures; however, this did not produce any essential 
change in the phase distribution shown in Fig. 5. The 
current density was the same as that used to deposit 
Al on Ni-plated Mo. After removal from the cryolite 
bath, the specimen was cooled in ambient air and 
the coating etched anodically (6). 

At the current density and plating time employed, 
it has to be inferred that the Al diffuses essentially 
from the liquid phase into the solid Ni after being 
formed at the cathode, by ‘direct’? electrochemical 
reduction of an Al donor (7,8). The Ni is thus in 
contact with superheated molten Al at a temperature 
a little above two-thirds of its melting point. By ref- 
erence to the phase diagram (9), it may be ascer- 
tained that Ni may take upwards of about 6 w/o 
(or 12 a/o) approximately of Al to form the solid 
solution phase zeta ({). This may be assumed to take 
place by the simple dissolving action of molten Al 
on Ni, a mutually interpenetrating action between 
the Al and Ni caused by their comparatively equal 
atomic sizes, unit cell structure, high temperature, 
and driving force of the current in the electrolytic 
cell. 

The intermediate phases or secondary solid solu- 
tions «, 6, and y (10), occur in sequence as the 
distance from the surface of the Ni is increased. 
These may be assumed to have been nucleated by a 
diffusion process dependent on the operation of 
Fick’s law at the environmental conditions obtained 
in the cryolite cell. The basis of the identification of 
these various secondary solid solution phases lies in 
their proximity, or lack of it, to the surface of the 
Ni cathode, their comparative hardness determined 
by microhardness tests (to be presented in the next 
section), and their obviously different etching char- 
acteristics. 

On removal of the Ni cathode from the cryolite 
bath, an interface between the y secondary solid 
solution and molten Al would be formed. On cooling, 
as may be seen from the phase diagram (9), the in- 
congruently melting phase 8 would be formed by the 
peritectic reaction of the y and molten Al. 

This is believed to be the origin of the mixed 


COATED ON MO DIFFUSION LAYER 


Nim AL 


DPH HARDNESS — 25GRAM LOAD 


8 c E F G H 


Fig. 6. Hardness measurements made at room temperature: 
A, Al on Ni, as coated; B, Al on Ni, exposed for 540 hr at 
800°C; C, Ni on Al, as plated; D, Ni on Al, exposed for 540 
and 1000 hr at 800°C; E, 3 phase; F, y phase; G, 6 phase; 
H, Mo. 


black and white areas which appear as islands inter- 
spersed in the y secondary phase. A peritectic reac- 
tion would also explain the proximity of the free B 
phase to these areas. The £ phase was also identified 
by its comparative hardness. 

Hardness measurements.—Hardness measurements 
were made with the Bergsman hardness tester and 
are presented in Fig. 6. These values are the averages 
of 3 determinations. Nickel aluminides of three dif- 
ferent compositions, Ni,Al,, NiAl, and NiAl,, were 
made by casting (11) and their hardnesses deter- 
mined. Hardness values of some of the phases formed 
when Al was deposited on the Ni sheet were deter- 
mined also. Comparison of these values with those 
of the cast nickel aluminides was then used as one 
method of identifying the y, 5, and 8 phases in the 
diffusion coating. 

As may be seen from Fig. 6, the hardness values 
determined on the coatings on Mo did not correspond 
directly to any Ni-Al system. However, the hardness 
of the coatings in the as-plated condition and after 
oxidation periods of 540 and 1000 hr was close to 
that of the very hard, high melting 6 phase. 

That the coatings contained ample Ni and Al was 
proven by chemical analysis of a strong HC] solution 
in which the coatings had been stripped anodically. 

Coatings of Ni on diffused Al.—The adhesion of 
Ni plated on Mo covered with a molybdenum alumi- 
nide coating produced by electrodeposition of Al 
from the cryolite bath was excellent. The molybde- 
num aluminides are characterized by good electrical 
conductivity and, therefore, Ni can be plated on 
them easily from an aqueous solution. The author 
has succeeded in identifying by x-ray diffraction (3) 
the two brittle intermetallic systems, Al.Mo and 
Al,Mo, in the coating and, as could be expected, the 
oxidation life of specimens covered with a molyb- 
denum aluminide layer, overplated with nickel, was 
rather limited. 

Further work to improve the effectiveness of the 
protection of Mo against high-temperature oxidation 
by coatings containing Ni and Al, the latter being 
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electrodeposited from the cryolite bath, should, 
therefore, be restricted to the nickel aluminides. 
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ABSTRACT 


Various metals have been plated on germanium and silicon, These semi- 
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conductors usually have oxide layers on them which could interfere with the 
intimate contact required between metal and semiconductor for good adhe- 
sion and the desired electrical properties. Oxide films and residues from 
chemical etching on germanium can be removed by cathodic reduction prior 
to metal deposition in many plating solutions. Sixteen different metals were 
plated on n- and p-type germanium. Since oxide films on silicon are difficult 
to reduce cathodically, other methods of removing the oxide film are employed 


Solid-state electronic devices made from semicon- 
ducting materials require some kind of electrical 
contact to the semiconductor. Electroplating tech- 
niques have been used to make ohmic contacts to 
semiconductors for many years. More recently, good 
rectifying contacts have been made by electroplating 
small metal spots (~10° cm*) on germanium and 
silicon (1-4). Much of this work was carried out 
using a jet plating technique. One of the best types 
of plating baths, cyanide solutions, was avoided com- 
pletely. This paper discusses the results of experi- 
ments which sought to determine the solutions and 
conditions that give high quality, large area deposits 
with maximum adhesion on Ge and Si. Either ohmic 
or rectifying contacts can be obtained by electro- 
plating the proper metal on Ge and Si. 


Germanium 

Semiconducting materials usually have oxide lay- 
ers on them which could interfere with making an 
intimate contact between plated metal and the semi- 
conductor. Some oxides on metals can be removed 
by electrochemical reduction. For example, Linford 
and Feder (5) have shown that copper oxide layers 
up to about 650A thick are completely reduced elec- 
trochemically prior to nickel deposition. Turner (6) 
demonstrated that the continuous monolayer of oxide 
formed on Ge during anodic dissolution is reduced 
cathodically in acid solutions prior to hydrogen gas 
evolution. Many residues from chemical etching and 


to produce adherent electrodeposits on silicon. 


oxide films thicker than a monolayer on Ge can also 
be reduced electrolytically. This is demonstrated in 
Fig. 1. If a Ge electrode is chemically polished in 
C.P.-4 solution,’ rinsed in distilled water and then 
subjected to a cathodic treatment in 0.1N H.SO,, a 
cathodic reduction curve is obtained. The number of 
coulombs in the potential arrest stage corresponds 
to about 2 atom layers of oxide.* The cathodic reduc- 
tion curve obtained on a Ge electrode previously 
anodized in a fused salt bath (34% LiNO, + 66% 
KNO,, mp ~ 155°C) to produce a thicker oxide layer 


' Composition of C.P.-4 etch: 5 parts by vol. conc. HNOs, 3 parts 
by vol. 48° HF, 3 parts by vol. glacial acetic acid, and 10 drops 
liquid bromine/50 cc of acid mixture. 


* Acid fluoride solutions may actually leave a fluoride film on the 
surface. 
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Fig. 1. Cathodic reduction curves of chemically polished 
and anodized Ge in 0.1N H2SO,. 
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Fig. 2. Experimental arrangement for plating metal spots 
on Ge. 


is also included in Fig. 1. The length of the potential 
arrest corresponds to about 4 atom layers of oxide. 
The second cathodic curve obtained in each experi- 
ment is included to show that all reducible material 
is removed in the first cathodic treatment and that 
the reduced material in the initial curve is not due to 
some solution impurity. Schmidt (7) has found that 
thick layers of GeO., formed anodically in N-methyl- 
acetamide, can be reduced in the same solvent. 

These results suggest that the best choice of metals 
and solutions for electroplating intimate metal con- 
tacts on Ge are those which deposit metal only after 
all oxide films or residues from chemical polishing 
are removed by cathodic reduction. 


Experimental 

The experiments were carried out with Ge elec- 
trodes about 1 cm square by 1 mm thick. These were 
cut from two single crystals, one 4-ohm cm n-type 
Ge and the other 3-ohm cm p-type Ge. An ohmic 
contact was made to the Ge by abrading one edge 
and soldering it to a 1.3 mm (0.050 in.) diameter 
copper wire using a standard lead-tin solder and an 
acid zine chloride flux. The solder joint and about 2 
cm of the copper wire were coated with polystyrene 
cement to protect them from the acid etches used 
later. Prior to plating, the surface of the germanium 
was chemically polished in the C.P.-4 solution. After 
a thorough water rinse the Ge was placed against a 
glass nozzle as shown in Fig. 2. This procedure con- 
fined the area of metal plated mainly to the inside 
diameter of the nozzle tip. A Pt wire sealed into the 
glass about 2.5 cm above the nozzle tip served as the 
anode. A glass or polyethylene funnel served as the 
solution reservoir. Plating solutions that work best 
above room temperature were preheated prior to 
filling the funnel. A section of Tygon tubing connected 
the funnel to the nozzle. Relatively high plating cur- 
rent densities were possible since the solution flowed 
continuously during plating. About 0.025 mm (0.001 
in.) of metal was plated for the contact studies. After 
plating, the samples were water rinsed and given a 
brief etch in a suitable acid solution to remove the 
feather edge around the main spot of metal. This 
acid etch after plating was often essential for good 
rectifying contacts. 
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Fig. 3. Metals plateable from aqueous solutions. Bold let- 
tered metals were plated on Ge. Preferred plating solutions are 
indicated above table. 


Sixteen different metals were plated on n- and 
p-type Ge. They represent practically all of the 
readily plated metals. The section of the periodic 
table containing all the elements plateable from 
aqueous solutions is shown in Fig. 3. The bold let- 
tered metals were plated in this study. The preferred 
solutions, with a few exceptions, are indicated above 
the chart. A sulfate solution was used to plate indium 
instead of the cyanide bath because it was more 
stable chemically. As a rule the cyanide solutions are 
to be preferred in this application since metals de- 
posit in them at potentials considerably more nega- 
tive than that required to reduce oxide films on Ge. 
Electrodeposits from cyanide baths also are usually 
of good quality, i.e., smooth and dense. The chro- 
mium spots were plated from a standard chromic 
acid sulfate bath. Bismuth was plated from a per- 
chlorate solution (8) while the tellurium deposits 
were obtained from a fluoride-sulfate solution (9). 

Only technical grade chemicals were available for 
some of the plating baths. These solutions were 
purified electrolytically to remove metallic impuri- 
ties. Overnight electrolysis with a dummy Pt cathode 
at 2 ma/cm’* current density was usually sufficient. 

Electrical contact to the plated metal spot was 
made by touching it with a loop of gold wire. Meas- 
urements of the electrical properties of the metal- 
germanium junction consisted first of observing the 
E-I pattern on an oscilloscope screen using a conven- 
tional display circuit and then making a point by 
point plot of both the forward and reverse E-I char- 
acteristic using d. c. 


Results of Plated Metal Contacts on Ge 


All the plated metals tested except antimony pro- 
duced rectifying contacts on n-type Ge and ohmic 
contacts on p-type Ge. Electroplated Sb contacts be- 
haved just the opposite, i.e., they were ohmic on n- 
and rectifying on p-type Ge. Borneman, et al. (3) 
reported that all plated metals gave rectifying con- 
tacts on n- and ohmic contacts on p-type Ge. The re- 
verse voltage-current curves of the sixteen metals 
plated on n-type Ge are shown in Fig. 4. These re- 
sults were obtained with circular metal spots about 
2 mm in diameter. Most of the curves have the same 
general shape but are displaced from one another 
along the current axis. The large differences in the 
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Fig. 4. Reverse curves for 2 mm diameter plated metal con- 
tacts on n-type Ge (measured in room air). 


saturation currents are attributed to variations in 
the state of the surface after etching and also to dif- 
ferences in the adhesion of the various electrode- 
posits on Ge. In general, the poorer the adhesion the 
higher the saturation current. The silver deposits on 
Ge had the poorest adhesion of all and one of the 
highest saturation currents. Plated 2 mm diameter 
Sb contacts on n-type Ge were ohmic up to the high- 
est current passed through the contact, 200 ma. 

When the results with Sb were obtained, it was 
thought that perhaps all the metals in groups VA and 
VIA of the periodic table would behave the same 
way. Initial tests with Bi and Te in fact did give 
nearly ohmic contacts to n-type Ge. After the Bi and 
Te plating solutions were purified by electrolysis, 
however, both metals produced rectifying contacts on 
n-type Ge as shown in Fig. 4. 

An interesting effect was observed with nickel 
plating on Ge when the solution was at room temper- 
ature. The Ni deposit often curled up at the edges a 
short time after plating and attached to the Ni were 
large pieces of Ge. There is a certain amount of hy- 
drogen codeposited with Ni which produces a stress 
in the deposit. Since the adhesion between electro- 
plated Ni and Ge is good, the stress in the deposited 
Ni is transmitted to the Ge. The stress apparently 
is sufficient to crack the Ge under the Ni and the 
peeling is actually due to this rupture in the Ge. The 
effect was eliminated when a hot (~60°C) Ni plating 
solution was used. An increase in the plating solu- 
tion temperature presumably decreases the amount 
of codeposited hydrogen in the Ni which reduces the 
stress transmitted to the Ge under the deposit. 

Antimony, the only metal found to give rectifying 
plated contacts on p-type Ge, was plated from a fluo- 
borate solution. It was prepared by dissolving 6 g of 
technical grade antimony fluoride in 100 ml of solu- 
tion containing 10 g of fluoboric acid. As made up, 
the solution produced Sb-plated spots which were 
ohmic on both n- and p-type Ge. After electrolytic 
solution purification, the antimony deposits on 
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Fig. 5. Forward and reverse curves for a 2 mm diameter 
plated Sb spot on p-type Ge. 


n-type Ge remained ohmic but those on p-type Ge 
became rectifying. Figure 5 shows the forward and 
reverse voltage-current curves for a 2 mm diameter 
plated Sb spot on p-type Ge. This represents the 
first time a rectifying characteristic has been ob- 
tained by electroplating a metal contact on p-type 
Ge. The saturation current in the blocking direction 
probably could be lowered by the use of plating solu- 
tions made from very pure materials. Schmidt (7) 
reports that a lithium pressure contact on p-type Ge 
is rectifying. This is attributed to the diffusion of 
donor lithium atoms into the Ge which converts the 
surface region to n-type. 


Silicon 

Metals electroplated on polished Si using ordinary 
plating techniques have poor adhesion and the de- 
posits usually blister. Wurst and Borneman (4) 
plated small metal dots on Si using the jet electro- 
plating technique and reported good adhesion. Using 
their pretreatment procedures and plating solutions, 
metal electroplated on polished Si specimens with 
about 2 cm* surface area always blistered. The poor 
adhesion is attributed to a surface oxide layer which 
cannot be reduced cathodically in aqueous solutions 
prior to metal deposition as it is on Ge. Archer (10) 
has estimated the oxide layer thickness on Si after 
etching to be about 10A or 2 to 3 atom layers. To im- 
prove the adhesion between plated metal and Si, the 
oxide film must be removed or at least reduced in 
thickness. Silicon dioxide is soluble in both strong 
alkaline solutions and HF. 

One method which has been found effective in im- 
proving the adhesion considerably is to subject the 
Si to a brief etch in a hot concentrated potassium or 
sodium hydroxide solution prior to metal plating in 
a hot cyanide plating bath. Hot, strongly alkaline 
solutions attack Si vigorously. The Si is transferred 
quickly from the hot alkaline solution to the plating 
bath without rinsing and with current on as the Si 
enters the plating solution. By not rinsing the Si, the 
corroding effect of the hot alkaline solution continues 
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until metal deposition begins. By this process, metal 
plates over at most a monolayer of oxide, and in some 
places there is direct contact between plated metal 
and semiconductor. 

Another method which gives adherent Ni deposits 
on Si makes use of a Ni plating bath containing HF. 
The Si is allowed to soak in the plating solution for 
about 1 min before the plating current is started. 
Hydrofluoric acid dissolves silicon dioxide, but the 
surface may not be clean since there is some evidence 
that the fluoride simply replaces the oxide on the 
surface (11). Whatever the mechanism, the adhesion 
of a subsequent Ni deposit is greatly improved by 
this procedure. A Ni plating solution developed for 
plating Ni on Mg (12) was found to be satisfactory: 
HF (48%) 78 cc/l, citric acid 30 g/l, basic nickel 
carbonate 130 g/l, wetting agent (sodium lauryl sul- 
fate) 20 drops/1. 

Six metals were plated on chemically polished Si 
using one of the preplating procedures just de- 
scribed. Results are summarized in Table I. The plat- 
ing solutions used were of standard composition. A 
“strike” plating technique improved the adhesion of 
Cu and Zn deposits but not the others. The high 
initial current density in Cu and Zn plating was re- 
duced after a few seconds to deposit the bulk of the 
metal. Copper deposits were the most adherent, 
while Zn gave the poorest results by comparison. The 
test for adhesion consisted simply of cutting through 
the deposit by scratching with a sharp object. Even 
Zn plating, however, did not show signs of the 
blistering which is common when metals are de- 
posited on Si by ordinary procedures. 

The electrical properties of these metal contacts 
on n- and p-type Si are also given in Table I. These 
results were obtained with metal spots 1 mm in 
diameter. Qualitatively they agree with those re- 
ported by Wurst and Borneman (4) except for Cu 
and In on n-type Si, which gave opposite results. 


Effect of Semiconductor Electrode 

The semiconducting properties of Ge and Si have 
not been a factor in the electroplating results dis- 
cussed thus far. Brattain and Garrett (13) have 
shown that holes are required to carry out anodic 
processes on semiconductors and electrons are neces- 
sary for cathodic reactions. An adequate supply of 
electrons are present at the surface of n-type semi- 
conductors, under cathodic bias, since they are the 
majority current carrier. Relatively few electrons are 
available in p-type Si. If the surface of p-type ma- 
terial is abraded, additional electrons become avail- 
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Fig. 6. Cathode potential-current density curves for Ni 
plating on abraded and polished n- and p-type Si. 


able at the surface due to a large increase in the 
generation-recombination rate of hole-electron pairs. 
A light of high intensity directed at the Si will also 
raise the minority carrier concentration at the sur- 
face. The comparatively few electrons at the surface 
of chemically polished p-type semiconductors ex- 
posed to subdued room light are depleted in a ca- 
thodic reaction at very low current densities. This 
surface depletion of electrons results in a space 
charge region in the semiconductor. It can be thought 
of as a concentration polarization of electrons in the 
semiconductor. Attempts to increase the cathode cur- 
rent by applying more voltage to the cell merely re- 
sult in increasing the depth of the space charge re- 
gion in the semiconductor. The current barrier at the 
surface of the semiconductor eventually breaks 
down, allowing more current to flow, if the applied 
voltage is high enough. 

An example of what may be encountered in at- 
tempting to plate metals on chemically polished 
p-type semiconductors is illustrated in Fig. 6. It is a 
log-log plot of the cathode potential vs. current den- 
sity of 19 cm n- and 120 cm p-type Si with abraded 
and polished surfaces in a Ni plating solution. These 
data were obtained by increasing the current in 
steps. The current was held constant at each setting 
and the electrode potential measured when it ap- 
peared to reach a steady state. The plating bath was 
a standard “cold” Ni solution containing nickel chlo- 
ride, ammonium chloride, and boric acid. Below 
about 0.1 ma/cm’, the cathode reaction is the dis- 
charge of hydrogen ions. The E.-i curves for abraded 
and polished n-type Si are identical. An abraded 


Table |. Metals electroplated on Si with good adhesion and their electrical properties as contacts 


Current den- 


Metal Solution type sity, ma/cm? 


Cu Cyanide 200-75 
Au Cyanide 15 
Ni Fluoride 40 
In Cyanide 30 
Sn Stannate 20 
Zn Cyanide 100-30 


* Result different from Wurst and Borneman. 


Electrical properties of contact 
Relative 
adhesion n-Si p-Si 


Very good 
Good 
Good 

Fair 

Fair 

Poor 


Ohmic* 
Rectifying 
Rectifying 
Rectifying* 
Ohmic 
Ohmic 


Rectifying 
Ohmic 

Rectifying 
Rectifying 
Rectifying 
Rectifying 
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p-type Si electrode has about the same E.-i curve as 
n-type up to the current density where Ni starts de- 
positing. The potential difference between the two 
curves is attributed to a small rectifying barrier be- 
tween plated Ni and the abraded p-type Si. 

Polished p-type Si deviates from the other curves 
even at very low current densities. The experiment 
was carried out in subdued room light. Most of the 
voltage applied to the plating cell appears across the 
space-charge region in the Si. As shown in Fig. 6, 
the cathode potential can reach as much as 50 v 
without plating any Ni.’ At the critical cathode po- 
tential (the value is different for each Si electrode), 
Ni begins to deposit. The start of Ni plating is prob- 
ably coincident with a local breakdown of the poten- 
tial barrier at the surface of the Si. The cathode po- 
tential drops slowly as Ni covers the Si. The drop 
in cathode potential at a constant current density is 
attributed to hole injection by the electroplated Ni 
contact on the Si. This collapses the space-charge 
region which reduces the potential drop in the semi- 
conductor. 

If the plating solution is capable of corroding the 
Si, even at a moderate rate, the large polarization 
effect inside polished p-type Si made cathodic is not 
observed. This is due to the fact that excess holes and 
electrons are produced at the surface of Si whenever 
it is corroded (14). Both strong alkaline and acid 
fluoride plating solutions will etch Si. The number 
of electrons produced at the surface in these solu- 
tions in the etching process is sufficient to carry out 
cathode reactions up to current densities where 
metal deposition begins without surface depletion. 
Germanium is corroded to some degree in most aer- 
ated aqueous solution (15) so that the “internal” 
polarization effect may not be observed with pol- 
ished p-type Ge. 


Summary and Conclusions 
Oxide films and chemical polishing residues on Ge 
are cathodically reduced in plating solutions prior 
to metal deposition if the potential at which metal 
starts depositing is more negative than that re- 
quired to reduce the surface films. Cyanide plating 
solutions are usually preferred for this reason. All 


‘In one experiment, more than 200 v had to be applied to the 
plating cell before Ni would deposit on polished p-type Si. 
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electroplated metal contacts except Sb gave rectify- 
ing contacts on n-type Ge and ohmic contacts on 
p-type Ge. Antimony behaved just the opposite. 

Oxide films on Si are not reduced cathodically in 
aqueous solutions. When special preplating tech- 
niques are used, the adhesion of electrodeposits on 
Si is improved considerably. Plating solutions that 
corrode Si serve a double purpose: (a) they remove 
or reduce the oxide layer thickness prior to metal de- 
position, and (b) they prevent the formation of a 
large polarization effect due to electron depletion in- 
side the Si. 
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Emitting Substances for Gas Discharges 
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ABSTRACT 


Criteria for the stability and chemical behavior of electron emitting sub- 
stances in gas discharges are obtained by means of thermodynamics. Theo- 
retical analysis is supplemented by means of experimental methods intended 
for the study of processes at elevated temperatures, such as thermogravimetry 
and differential thermal analysis. The application of the above permits some 
insight into the processes of formation, activation, and detrition of electron 
emitting compositions, guiding the development of a number of improved 


cathodes. 


The purpose of this work was to develop cathodes 
meeting the requirements of new gas discharge de- 
vices. To effect this, a better understanding of the 
fundamentals involved was necessary. Therefore, a 
major portion of this work was devoted to the chem- 
ical and thermochemical aspects of electron emitting 
substances, which are but poorly understood at 
present. 

The concern of the theoretical part is to evaluate 
a degree of relative stability for these materials 
(with respect to dissociation, sublimation, chemical 
interaction, physical state, and sputtering) and to 
predict the processes expected during their history, 
(such as formation, activation or reduction, and nor- 
mal detrition) without extended experimentation of 
a trial and error nature. This part of the work forms 
an extension or generalization of the thermochemical 
calculations of Rittner (1) which were concerned 
primarily with the reduction reaction of the oxide 
cathode. From the chemical point of view, thermo- 
dynamic considerations are obvious in many of their 
aspects; however, since they appear to be of general 
usefulness in cathode research, they are outlined in 
this paper. 

The chemical processes occurring in cathodes be- 
long to the realm of solid-state chemistry. Therefore, 
experimental methods designed for the study of re- 
acting solids were applied to supplement the theo- 
retical analysis and provide information when ther- 
modynamic and kinetic data were lacking. 


Procedure 
Theoretical basis.—A cathode system is defined as 
one consisting of a moles of substance A, 8 moles of 
substance B, y moles of substance C, etc., and is rep- 
resented as follows: 


A binary system A.B, where a is the number of 
moles of A per one mole of B, is for the purpose at 
hand a sufficient approximation to a large number 
of actual cathodes. For example, A.B could represent 
a common form of the oxide cathode for A = BaO 
and B= SrO; for A= La and B= B, the boride 


cathode; for A = Th and B = W, the thoriated cath- 
ode, and so on. 
The process of formation in each case is as follows: 


aA(c) + B(c) > A,B(c) [1] 
which involves a free energy change: 


AF — aF aco — Free 4H — TAS [2] 


As already implied in the above examples, Eq. [1] 
may represent a chemical reaction, the formation of 
a solid solution, a process of adsorption, or a com- 
bination of more than one of these processes. Since 
at a temperature T: 


A.B(c) 
A(c)* B(c) 
0 and 
A.B(c) AF® 


n — nK 
A(c)* B(c) RT 


AF = AF° + RT In 


and at equilibrium AF 


the standard free energy change for the formation of 
A.B from its components aA and B was used as a 
quantitative criterion for the stability of electron 
emitting substances A.B with respect to dissociation. 

In nearly all cases of interest the vapor pressure 
of one of the components, B, and of the compound 
A.B is negligible in comparison to that of the com- 
ponent A. Therefore, the process of sublimation pro- 
ceeds for all practical purposes as follows 


A.B(c) > aA(g) + B(c) [3] 
The accompanying free energy change is 
AF. aF + Fre — [4] 


The process of sublimation of pure A and the cor- 
responding free energy change are as follows 


aA(c) > aA(g) [5] 
AF, = aF — aF xx, [6] 
Since obviously: 


AF, — AF, = AF (7) 
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Process 


CaO (c) + SiO, (c) — CaSiO, (c) 
SrO (c) + SiO, (c) —~ SrSiO, (c) 
BaO (c) + SiO, (c) ~ BaSiO, (c) 
BaO (c) + ALO, (c) ~ BaAl.O, (c) 
BaO (c) 4+ MoO, (c) + BaMoO, (c) 
CaO (c) + WO, (c) - CaWO, (c) 
SrO (c) + WO, (c) ~ SrWO, (c) 
BaO (c) + WO, (c) ~ BaWO, (c) 


* Available in this form in the literature (2). 
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Fig. |. Standard free energy change as a function of tem- 
perature for the formation of some interoxide compounds from 


the oxides: A, CaSiO,; B, SrSiO.; C, BaSiO,; D, BaAl.O,; E, 
CaWO,; F, SrWO,; G, BaWO,; H, BaMoO,. 


the free energy change AF for the formation of A,B 
from its components aA and B is also useful in deter- 
mining the comparative stability with respect to 
sublimation of each component A from its combina- 
tion with a given component B. 

The standard free energy change as a function of 
temperature is shown in Table I for a number of 
processes of interest which lead to the formation of 
interoxide compounds.’ These were evaluated using 
data in references (2) and (3); since however these 
calculations involved, in some instances, estimates 
of entropy and heat capacity values, they are to be 
considered accurate only in their relative magnitude. 
These AF f(T) functions are plotted in Fig. 1. In 
accordance with the above, the lower the AF° = f(T) 
relation for a given compound in this figure, the 
more stable the compound with respect to dissocia- 
tion and sublimation. 

A third area in which the considerations leading to 
Fig. 1 are of importance is that of chemical interac- 
tion between A,B and other substances with which it 
may come in contact. Since all systems tend toward 
a state of minimum free energy, all substances as 
shown in Fig. 1 will be thermodynamically unstable 
in the presence of the free oxides of substances be- 
low them in the AF° = f(T) diagram. Further, since 


' The oxides that combine to form these substances do not differ 
enough in their acidic character to justify the term “oxygen salts” 
nor do they exist in such a loose combination as to correspond to 
“mixed oxides.” The term “interoxides" is proposed to define this 
class of materials 


Table |. The AF® = f(T) relations for a number of processes of interest 
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T range of 


AF* f(T) applicability 


—21,300 + 0.12T* 298-1483 


—23,000 + 0.9T 298-1600 
—26,800 + 0.1T* 298-1600 
—24,500 + 0.3T 298-2100 
—59,900 + 0.3T 298-1068 
—40,600 + 0.6T 298-M.P. 
—58,300 + 0.6T 298-M.P. 
—74,300 + 0.6T 298-M.P. 


in most instances each A may tend to form a number 
of different combinations with B, an interoxide com- 
pound in Fig. 1 will be unstable in the presence of 
another one if the change of the free energy for their 
interaction is favorable. Finally, interoxide systems 
may combine to form a solid solution or compound 
such as, for example, Ca.Al.SiO,. 

These considerations also govern the interaction 
between a component of A or B and a third reagent. 
In general it can be shown that their combination in- 
creases their stability toward chemical attack. For 
example, it will be seen that BaO- Al.O, (or BaAl.O,) 
is, for all practical purposes, completely inert in the 
presence of tungsten, while BaO is not. 

If the relative amounts of the components of an 
emission material are known, the above are useful for 
the understanding of the nature of cathode coatings 
and of the interface composition between the coat- 
ing and the supporting electrode. 

Not much is known about the quantitative aspects 
of sputtering of composite surfaces. However, the 
process represented by 


x(solid) ~ x( gas) 


will involve the same amount of energy regardless 
of the path the process follows, the efficiency in- 
volved, or the agent causing it. Therefore, from 
basic considerations alone it can be expected that the 
separation of an atom or molecule from the surface 
will involve, as one factor at least, the energy of sub- 
limation regardless of whether this ‘“sublimation”’ is 
achieved thermally or by ionic bombardment. Thus it 
is not surprising that important recent studies on 
sputtering (4) have succeeded in interrelating, em- 
pirically at least, this phenomenon with the heat of 
sublimation, among other factors. Therefore the cri- 
terion AF, used for the stability with respect to sub- 
limation, dissociation, and chemical reactivity was 
used also for the stability with respect to sputtering 
as the best alternative at the present state of knowl- 
edge. 

The physical state of A.B as a function of tem- 
perature, the nature of the combination A,B as a 
function of a and temperature, and an estimate of the 
magnitude of the thermodynamic quantities in- 
volved were obtained from the study of the appro- 
priate phase diagram. 

The application of the above considerations to ac- 
tual systems involves the well-known limitations of 
thermodynamics. The experimental work indicated, 
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however, that the activation energy and diffusion 
barriers were of lesser magnitude than should have 
been expected from solid-state reactions. Therefore, 
these limitations were of lesser importance than 
would have otherwise been the case. 


Experimental Methods 


The awareness of the importance of the thermo- 
chemical history of the electron emitting materials 
led to the application, in this work, of thermal meth- 
ods of experimental investigation such as thermo- 
gravimetric analysis (T.G.A.), and differential ther- 
mal analysis (D.T.A.) 

The basis for the application of these methods is 
as follows: It has been shown in the previous section 
that if A and B will form a combination A,B such as 
to increase the stability of A, the sign of AF for the 
process of this combination will be negative. 

Since the entropy change for processes in the solid 
state is small,’ then 

AF = AH 


If the change in heat content AH is unknown, the 
next best thing is to determine its sign. By means of 
D.T.A., the temperature range at which the process 
takes place, the exothermic or endothermic nature of 
the process, as well as a very approximate magnitude 
of AH are determined. 

This method was also used in order to obtain an 
indication of the rates at which the thermodynam- 
ically predicted processes take place. 

Phase diagrams and thermodynamic data for the 
binary sytems A.B of interest are few; for the ter- 
nary systems resulting from the processes exempli- 
fied by Eq. [8], below, are virtually nonexistent. 
Hence, once the A.B system was evaluated, D.T.A. 
provided the means of determining whether the 
process of Eq. [8] produced a system of increased 
stability. 

The difficulties of interpretation of D.T.A. records 
can often become formidable when a complex proc- 
ess, such as that of the activation of an emission ma- 
terial, is being studied. Other methods such as x-ray 
diffraction, mass spectroscopy, microscopy, and 
T.G.A. were then applied in conjunction with D.T.A. 

The maximum temperature attainable by the con- 
ventional D.T.A. apparatus used was 1500°C.* There- 
fore, approximate melting point determinations of 
compounds melting at higher temperatures were 
performed in inert atmospheres inside a tungsten 
wound furnace. The temperature was determined by 
means of a calibrated micropyrometer focused at a 
“blackbody” cavity formed by a tungsten container 
into which a small crystal of the compound was 
placed. 

The thermionic behavior of selected materials was 
examined by means of high vacuum diodes for aca- 
demic purposes; since it is unknown whether therm- 
ionic or secondary processes predominate in a given 
gas discharge, greater reliance was placed on results 


* This is also true for the evaluation of stability with respect to 
sublimation, since the difference AF; — AFz cancels out the large 
increase of entropy on sublimation of aA. 


® For substances containing excess barium, the D.T.A. apparatus 
could not be used above 950°-1000°C because of severe chemical at- 
tack on the Pt-Pt:13% Rh thermocouples. 


ELECTRON EMITTING SUBSTANCES 


obtained by studying the breakdown voltage and 
the cathode drop in the actual gas discharges for 
which these cathodes were intended. 


Interoxide Systems As Electron Emitting Substances 


Interoxide systems (M,O,).-(R.O,.), where M,O, 
represents an “emissive’’ oxide, BaO for instance, 
and R.O,, a refractory oxide such as AIl,O,, if used 
as such, form poor lamp cathodes even if a > 1. Their 
behavior as cathodes however improves appreciably 
if an excess of the emissive metal M is introduced. 
This was done by chemically reducing part of the 
M.O, component as follows: 


(M.O,).° (R.O,,) + 


p= m.o,-( + 1) R.O, [8] 


where the left hand side of the equation represents 
the emission mixture while the right hand side rep- 
resents the activated cathode. The reducing agent R 
used was the same, in each case, as the R of the re- 
fractory oxide. This was done in order to obtain, 
after activation, the simplest possible chemical spe- 
cies hence the easiest to study. 

The type of cathode thus produced was controlled 
by adjusting the following variables: (a) selection 
of the interoxide system; (b) selection of the reduc- 
ing agent; (c) amount of the reducing agent; (d) 
state of subdivision of the reducing agent. 

In cases where it was desirable that the reduction 
reaction proceed in a short time, a potent reducing 
agent (1)‘ in fine powder form was mixed with the 
powder of the interoxide substance. In the other ex- 
treme, the reducing agent was alloyed with the cath- 
ode support. 

It may be noted that, in all cases, the process of 
activation, being a chemical reaction in the solid 
state, does not involve evolution of gases (see below, 
Process of Activation), nor does it necessitate any 
particular atmosphere or lack of it for its progress. 
If the composition of the interoxide system is such 
that a= 1, the emission mixture is stable in the 
atmosphere for extended periods of time as shown in 
Fig. 2. Finally, the reduction in volume of the emis- 
sion mixture upon activation is much less than if, for 
instance, it had involved the decomposition of car- 
bonates, a helpful fact, as it will be seen when the 
system is used in conjunction with a refractory metal 
sponge or compact. 

The electron emitting behavior of interoxide sys- 
tems in lamps parallels that found in this work and 
by others (5,6) by means of measurements of the 
thermionic emission constants of interoxide systems 
consisting of BaO and a number of refractory oxides. 
An inspection of these results brings out the possi- 
bility that the value of the work function ¢, or more 
precisely the slope of the Richardson plots, is ap- 
proximately the same and in the vicinity of 1.6 e.v. at 
750°-850°C regardless of the refractory oxide (AI.O, 
or ZrO,, etc.) and, except at the two extremes of 


4In general, however, it should be remembered that now the AF 
reduction = AFr + (AF’ AF’) where AFx is the free energy 
of reduction of M,O, to M and R,O.w, and AF”, AF’ are the free ener- 
gies of formation from the oxides of the final and original inter- 
oxide substances, respectively. 
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Fig. 2. Weight gain of cathode materials on exposure to air 
of relative humidity as stated. A, BaO; relative humidity: 
70%; B, 0.76 BaO-BaAl.O,; relative humidity: 80%; C, 
BaAl.O,; relative humidity: 80%. 


composition, regardless of the BaO content of the 
interoxide system. In this work the emission coatings 
were applied on cathodes made of molybdenum, 
tungsten, and nickel; hence to this extent this value 
of + is independent of the cathode base. Furthermore, 
the value of A in the Richardson equation 


i= AT*e*"* 


seems dependent on the amount of Ba present in ex- 
cess of the stoichiometric formulas for the interoxide 
system, being very small for the pure substances and 
increasing with the Ba content. 

This evidence points to the hypothesis that the 
work function in interoxide systems is determined 
by the nature of the emissive sites involved (BaO-Ba 
in this case, see also below, Process of Activation) 
while the saturated current density is determined by 
the number of these sites per unit area. 

If the above is true, then the role of the refractory 
component is simply to increase the stability of the 
BaO-Ba emissive sites, as explained, and to increase 
the amount of Ba that may be combined with the 
BaO-refractory oxide matrix, as will be explained. 


Preparation of Starting Materials 

Interoxide substances usually are prepared by 
heating a mixture of alkaline earth carbonates or 
oxalates, nitrates, sulfates, etc., with the oxides, hy- 
drates, or other compounds of the refractory com- 
ponent to the point of melting. 

In this work the interoxide substances of interest 
were prepared by the direct combination of the two 
oxides in the solid state, 


heat 


aM,O, + R.O, (M,O,).° (R.O.) [9] 


In most instances the reactions proceeded at rela- 
tively low-temperature ranges and rather short re- 
action times as shown in the D.T.A. records of Fig. 3. 
At a heating rate of 15°C/min, it is seen that BaAl,O, 
is formed between 400° and 500°C; BaZrO, between 
200° and 800°C; and BaThO, between 200° and 
900°C. The over-all effect is exothermic. It is interest- 
ing to note that in all three cases depicted the re- 
actions proceed in three main stages although these 
stages may occur at different temperature ranges 
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Fig. 3. D.T.A. curves for the formation of some interoxide 
systems from their component oxides. 


(A) BaOlc) + Al.Os(c) BaAl.O,(c) 
(B) BaOlc) + ZrO.(c) BaZrO,(c) 
(C) BaOlc) + ThO.(c) BaThO;(c) 


in each case. The reaction leading to the formation of 
BaThoO, does not proceed to completion in the 50 min 
of heating as shown, but the other two apparently 
do proceed to completion: if the aluminate or zircon- 
ate samples are taken out of the apparatus after the 
last stage, reground, replaced in the apparatus, and 
heated again, no evidence of further reaction is ob- 
served. Melting point determinations, chemical anal- 
ysis, and x-ray diffraction data confirm this to the 
extent that published data are available. X-ray pow- 
der pattern data have been obtained for BaAl.O, pre- 
pared as described above, which is presented in 
Table II compared with the data in A.S.T.M. card 
No. 2-0545. It is seen that the A.S.T.M. intensity 
values, with the exception of the intensity of the 
principal line at d = 3.17, are approximately twice 
those determined’ in this work. As the value assigned 
to all intensities is relative to that of the principal 
line (which is assigned the value of 100), we believe, 
as suggested by Dr. Addamiano, that the values 
given by the A.S.T.M. card for BaAl,O, are higher 
than the actual ones by a constant factor because of 
film saturation by the principal line reflection. 


Preparation of Cathodes 

The interoxide substance is ground and mixed 
with the powder of the reducing agent. Then, de- 
pending on the particular intended application, the 
mixture is either suspended in a comparatively vola- 
tile organic liquid such as butyl acetate, or used as 
the dry powder. The liquid suspensions may be used 
for coatings by dipping, spraying, or painting in the 
usual manner. 

The dry powder may be used to provide very thin 
coatings of the mixture on the electrodes or to 
form dispersions in refractory metal compacts (or 
sponges). In connection with the former use it has 

* Obtained from photographic film recordings. 

*By means of a Geiger counter detector. 
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Table Il. X-ray diffraction data of BaAl.O, 


This work 


ASTM 


d-spacings Intensities d-spacings Intensities 


4.56 
4.06 


3.17 


2.62 
2.51 
2.46 
2.26 
2.24 
2.20 
2.19 
2.01 
1.977 
1.951 
1.71 
1.68 
1.64 
1.594 
1.577 
1.507 
1.477 
1.465 
1.428 
1.395 
1.389 
1.351 


1.307 
1.279 


1H 


been found that some of these mixtures, for instance, 
that of BaAl,O, and Al, will adhere to clean metals 
if the mixture contains a slight excess of BaO or 
BaCO, (see below, Chemical Processes). For some 
uses a thin coating, visible to the naked eye only by 
direct comparison of the coated and uncoated por- 
tions of the electrode, is sufficient to provide de- 
sirable performance. 

In connection with the latter use the interoxide 
substance and its reducing agent are mixed in pow- 
der form with a chemically inert (see below) re- 
fractory metal powder, usually tungsten, the latter 
being in large excess, as for example 9:1 by weight, 
for one of the applications reported here. The re- 
sulting mixture is pressed without benefit of binders, 
lubricants, or other additives into compacts of the 
desired shape and dimensions. A pressure of 6000 
kg/cm’ is sufficient for simple shapes such as that of 
a short cylinder. The compacts then are placed in 
refractory firing boats and fired at a temperature of 
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Fig. 4. Photomicrograph of cross section of pellet cathode 
bottom attached by means of spot welding to the tungsten 
electrode shown at the top. (Specimen and photomicrograph 
by K.S.G. Pertwee of Large Lamp Department.) 


1050°C in dry hydrogen or an inert atmosphere for 
at least 20 min. This treatment causes the compacts 
to sinter into hard, porous pellets of a density range 
of 8.5 to 9.5 g/cm’. If the tungsten content is more 
than approximately 60% by weight, the resistance of 
the pellets is very low; therefore it may be spot 
welded directly on a metal lead to form one type of 
cathode as shown in Fig. 4. 

The purpose of the above procedure is primarily 
to sinter the tungsten particles; for, as will be seen, 
the activation process involves lower temperatures 
and shorter times than those mentioned above. The 
resulting structure is quite similar to cathodes al- 
ready reported (7), the basic difference being that, 
due to the choice of a = 1 for the interoxide system 
and to the incorporation of R, the activation is in- 
dependent of the tungsten sponge which serves sim- 
ply as a physical support (see below, Chemical Proc- 
esses). 

After activation the coatings obtained from liquid 
suspensions and the thin dry powder coatings are 
unstable in the ordinary atmosphere; the sintered 
tungsten compacts however are stable even if stored 
for several weeks under saturated humidity condi- 
tions (see below, Chemical Processes). 


The Process of Activation 


The D.T.A. records of Fig. 5 indicate that Eq. [8] 
describes in reality a complex, multistage process. 

From a practical point of view the low tempera- 
tures and short times’ of “activation” are convenient 
in that the cathodes become activated while lamps 
are being processed in ovens. 

From the theoretical point of view it is interesting 
to note that the similarities observed in the reactions 
of formation of the interoxide compounds, Fig. 2, 
have a parallel in their reactions of reduction. These 
consist of two main processes: a low-temperature 
sharp exothermic reaction and a process at higher 
temperature proceeding at a slower rate and having 
a hump-like appearance. An increase in f (Eq. [8]) 
causes an increase in the height and area of the peaks 
as shown in Fig. 5A. Both processes decrease in in- 
tensity and are displaced toward higher tempera- 
tures as a is decreased to the extent of necessitating 
longer time intervals for their completion than in- 
dicated by Fig. 5. Finally for a<1 the low-tem- 


7 The D.T.A. experiments were performed in argon at atmospheric 
pressure at a heating rate of approximately 15°C/min. 


2.51 6 20 
20 
2.25 30 70 
2.20 18 20 
10 
2.01 25 60 
1.98 21 20 
10 
1.71 11 20 
1.68 18 30 
1.64 5 20 
1.595 29 60 
1.577 13 30 
1.508 18 40 
10 
10 
10 
20 
1.392 8 10 
35 
1.350 14 
1.307 8 20 
30 
1.253 7 
1.243 11 iy 
1.227 7 
£5. 1.207 14 bat 
1.123 
1.112 
1.102 
1.066 
1.010 1 Sal 
0.9212 
0.8385 
— 
0.7991 
0.7968 
4g 


796 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


570 
® 
4 i A. 4 
200 400 600 800 ‘000 1200 1400 


Temperature in °C 


Fig. 5. D.T.A. curves for the reduction (activation) processes 
(A) 1.76Ba0-1AI,0, + various amounts of Al 
(B) 9BaO-1ZrO. + 2.3Zr 3.3(1.33Ba0-1Zr0.-1.39Ba) 


perature process begins to become endothermic while 
the higher temperature hump has still an exothermic 
appearance. 

Repetition of the runs using various proportions of 
reactants, x-ray diffraction studies, mass spectro- 
scopic work, and chemical analyses were of assist- 
ance for the interpretation of the records of Fig. 5 
as follows. 

At approximately 160°C the small amount of 
water adsorbed by the powders begins to separate 
causing the endothermic peak at 186°C on the record 
for the aluminate case. As the water vapor diffuses 
out of the sample it attacks the reducing metal it 
encounters causing the formation of refractory oxide 
and hydrogen. This exothermic process occurs in the 
aluminate near 280°C. In the zirconate case this re- 
action begins at a lower temperature to the extent of 
balancing the endothermic effect of the desorption of 
water. 

The main reduction reactions then follow peaking 
at 370° and 620°C for the zirconate and aluminate, 
respectively. In the case of the aluminate, when the 
temperature attains the value of 660°C, the melting 
point of alumiaum, the remaining quantity of unre- 
acted aluminum melts, impregnates the sample, and 
reacts causing the small exothermic peak at 668°C. 
The area corresponding to the peak at 620°C where 
aluminum is presumed still solid is far larger than 
that at 668°C. As this is also the case in the zircon- 
ate-zirconium reaction, it may be concluded that the 
reactions are capable of proceeding in the solid state 
and it is not necessary to assume the formation of 
(reducing metal)-(barium) eutectic compositions, 
which are liquid at the reaction temperatures, in 
order to explain the progress of these reactions in 
the short reaction times and low temperatures ob- 
served. 
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The reduction reaction is always followed by a 
slower exothermic process appearing as a hump on 
the D.T.A. records. Neither this process nor the un- 
expectedly exothermic behavior’ of the peaks at- 
tributed to the main reduction reaction have been 
completely understood to date; however, work in 
progress has permitted interesting glimpses into their 
nature which may be summarized as follows. 

When the reduction reaction begins, the reducing 
metal, which is present in excess at the particle in- 
terface with the interoxide compound, will reduce a 
larger quantity of barium oxide than that intended 
by Eq. [8]. Soon a gradient will be established across 
the reaction front which in the case of (BaO), 
(Al0,)-Al reaction, for instance, involves the series: 
Al. ALO, BaO-6Al1,0,... BaO-Al.O,... 3BaO- ALO, 
with the quantity of barium produced increasing in 
the same order as that of aluminum oxide. As shown 
in the reactions of formation in Fig. 3, the inter- 
diffusion rate of these species is appreciable and a 
series of exothermic reactions are thermodynamic- 
ally predictable to take place; as for example, 


5Al.0, + BaO - Al.O, > BaO - 


Since these reactions depend on the diffusion of 
molecules bulkier than Al or Al,Ba,, they would 
manifest themselves on the D.T.A. record as humps 
rather than as sharper peaks as the reduction reac- 
tion does. 

It is suspected that the above explains the hump 
process only in part and that this process, as well as 
that causing the sharper peak at lower temperatures, 
also involves the exothermic interaction between the 
Ba formed by the reduction reaction and the result- 
ing interoxide substance. Thus, for instance, the 0.31 
g of Ba that is theoretically produced by 1 g of a 
mixture of BaAl.O, and Al according to 


BaAl.O, + 0.4Al > 1.2(0.34BaO-1Al1,0,-0.5Ba)" [10] 


is not detected by means of x-ray diffraction tech- 
niques; hence it does not exist in the elementary 
crystalline state. This is confirmed by thermogravi- 
metric experiments using a Chevenard thermobal- 
ance. Except for a weight loss of approximately 1.8% 
between 70° and 300°C, which has previously been 
shown to be due to the evolution of water and hydro- 
gen, there was no other significant weight change up 
to 1050°C, the maximum temperature attainable by 
the apparatus used. The experiments were per- 
formed in a flow of purified argon (600 cc/min) at 
atmospheric pressure, using 1-g samples of powder 
consisting of the mixture shown by the left hand side 
of Eq. [10]. On the average, the sample was at a 
temperature above 710°C, the melting point of Ba, 
for at least 2 hr. 

In order to overcome the limitations imposed by 
the inability to perform these experiments in vac- 
uum, and also in order to obtain an indication of the 


* Thermochemical calculations show most of these reactions to 
be slightly endothermic within the limits of uncertainty of the 
available data. 


*In addition to Eq. [10], the following give specific examples in- 
volving actual cathodes. 


BaZrO; + 0.25Zr 1.25(0.4BaO-1ZrO2-0.4Ba) {11) 
BaThOs; + 0.2Th 1.2(0.5BaO-1ThO:-0.33Ba) {12] 
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nature of the apparent combination between barium 
and the interoxide system, the thermogravimetric 
experiments were repeated in a flow of hydrogen 
instead of argon. The behavior in the 70°C range was 
nearly the same as in the case of argon; however, an 
increase in weight was observed at 650° to 700°C 
because of the formation of barium hydride. This 
permitted the estimation of a maximum for the heat 
of the combination Ba-X as follows: 


Ba — X(c) > Ba(c) + X(c) AH=? AF=? [13] 


where AH is the quantity to be estimated. This proc- 
ess is the sum of 


Ba — X(c) + H.(g) > BaH.(c) + X(c) 


4H,=? AF,=? [14] 


and 
BaH.(c) > Ba(c) + H.(g) AH. = +40.9AF,= ? [15] 
therefore AH = AH, + 40.9 and AF, + AF, = AF. 


Reaction [14] proceeds spontaneously and to an 
appreciable extent even if the flow of H. is stopped. 
Hence AF, = 0 and therefore AF = AF, or AH — TAS 
= 40.9 — TAS.. Since AS refers to a reaction involv- 
ing solids only, it will be small; AS, refers to a reac- 
tion resulting in a gaseous product and will there- 
fore have a larger positive value. Hence AS, > AS and 
therefore AH = 40.9 kcal/mole, thus establishing an 
upper limit for Ba — X. 

Subject to further verification this evidence indi- 
cates that at least a part of the barium formed is 
not in a “free” state. This contributes to the explana- 
tion of Fig. 5 and the stability of the postulated Ba- 
BaO-refractory oxide electron emitting sites. 
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Chemical Processes Involving Refractory 
Sponge Cathodes 


It was seen that the reasons for the choice of 
equimolar proportions for the composition of the 
starting interoxide materials included stability in air, 
low temperatures of activation, lack of copious gas 
evolution during activation, and ease of control of 
the chemistry involved in their selection, prepara- 
tion, and activation. 

A further reason is their reduced reactivity toward 
the refractory metal of the cathode support. As the 
activation of the interoxide substance is controlled 
by the reducing agent, it is not necessary that fur- 
ther reduction be made to occur; nor is this desirable 
because this interaction will result in the creation 
of an interface concentration gradient and its as- 
sociated problems. 

The pairing of the electron emitting materials and 
metal supports involves the theoretical considera- 
tions at the beginning of this paper. Below, these are 
applied to the pair BaAl.O, — W as an example perti- 
nent to this work. This application necessitates the 
knowledge of the initial and final states of reactants 
and products. It was shown in the previous section 
that the exact state of the barium produced by the 
reduction process, and hence the final state of the 
products, are in doubt. Therefore, for comparison 
purposes, the final state of barium will be taken as 
being gaseous, because this state offers a common 
basis for the relative evaluation of the pairs of in- 
terest. 

The vapor pressure of barium produced in a num- 
ber of processes was evaluated and is given in Table 
III. Once again, by necessity, estimates of thermo- 


Table III. Theoretical vapor pressures of barium produced by a number of processes of interest 


Process or reaction 


Ba(c) ~ Ba(g) 
Ba(c) > Ba(g) 
1 
BaO(c) > Ba(g) + 
+ 1 1 
2 4 
2 4 
BaAl.O,(c) + ) Ba(g) + 
1 1 
2BaO(c) + Ba(g) + 


1 
BaAlL.O,(c) ~—> Ba(g) + O.(g) + Al.O;(c) 


4 1 1 4 


1 1 
2BaAl.0,(c) + Ba(g) + Buwo.(c) + 2A1.0;(c) 


* Available in this form in the literature (2). 
+ See also references (8) and (9). 


log Pua = f(T) 


—9730 
+ 7.83* 


4 
—9340 
+ 7.42* 


—25,750 
log Ps, = + 9.62 


T 
— 18,650 


7 


—14,720 
log Px. = + 6.72 + 0.29 log T 


—14,460 
log Px. = + 6.30 + 0.27 log T 


—14,730 
+ 6.10 + 0.74 log T+ 


—29,200 
log Pas = 7 + 9.66 


—25,640 
log Ps. = + 6.86 + 0.73 log T+ 


—25,000 
log Ps. = + 6.86 + 0.73 log T 


log P;, = 


log Ps. = 


log Px + 6.50 4- 0.74 log T 


log Pus 
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Fig. 6. Logarithm of the theoretical vapor pressure of 
barium, produced by a number of processes of interest, as a 
function of temperature. 


(A) Balc, |) + 


1 
(B) 2BaO(c) + ry Wic) Balg) + > Ba;sWO,(c) 
2 4 
(C) BaAlOxdc) + Al(c, |) Ba(g) 4 > AlzOs(c) 


(D) BaOlc) + 7 Wic) Balg) + BaWO,(c) 


(E) + ry Wic) > 
] 
Ba(g) + Ba; WO,(c) + 


1 
(F) BaOlc) + Balg) + 


4 ] 
(G) — BaAl,O.lc) + — Wie) > 
3 3 
] 4 
Ba(g) BaWO,(c) + Al.Os(c) 


(H) BaAl.O,— Balg) + O.(g) + AlzOs(c) 


chemical data had to be made. Results are plotted in 
Fig. 6. It is seen that the vapor pressure of barium 
produced by the reaction between BaAl.O, and W 
resulting in the formation of Ba,WO,(c) is compara- 
ble to that produced by the thermal decomposition of 
BaO(c). As is well known with respect to cathode 
activation, the latter is negligible. The vapor pres- 
sure of barium produced by the reaction resulting in 
the formation of BaWO,(c) from BaAl,O, and W is 
even less. When these are compared with the vapor 
pressure of barium produced by the total” reduction 
of BaAl,O, by Al it is concluded that the activation 
of the BaAl,.O, + 0.4Al + 13.2 W mixture" is inde- 
pendent of the tungsten sponge and that the forma- 
tion of an interface composition of tungstates is un- 
likely. 

The above was confirmed by means of D.T.A. 
work: no evidence of a reaction was observed on 
heating finely powdered mixtures of BaAl.O, and W 
up to 1500°C. 

In contrast, the reaction between BaO and W and 


™ Used here as a limiting case; the vapor pressure of Ba from the 
actual activating process used (Eq. [9]) is substantially higher, 
BaAl,O, and BaO-6A1l,0, being the end products rather than AlsOs. 


1! Usually employed to manufacture the compacts. 
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also that between interoxide systems containing BaO 
in excess of the equimolar composition is thermo- 
dynamically favored to nearly the same extent as 
that between BaAl.O, and Al.” However, in these 
cases the role of the tungstate interface becomes ap- 
parent. Thus, although the reaction resulting in the 
formation of Ba,WO, is more favorable than that re- 
sulting in the formation of BaWO,, the former is less 
favorable kinetically since it and the accompanying 
production of barium depends on the diffusion of 
the reactants through the BaWO, interface. There- 
fore, a pellet cathode of this kind will depend on con- 
centration gradients and hence, delicately, on the 
cathode temperature, the control of which for di- 
rectly heated lamp cathodes is not conveniently ef- 
fected. This is particularly true, of course, in inter- 
mittently pulsed discharges where the bulk of the 
cathode is only slightly above room temperature. 

The stability in air after activation of the pellet 
cathodes containing interoxide materials is inter- 
preted as follows: Upon exposure to the water and 
carbon dioxide of the atmosphere barium hydroxide 
and carbonate form on the surface pores of the pellet, 
with an accompanying large increase in volume of 
the emission material that has thus been attacked. 
As these surface pores were already filled with the 
interoxide substance inasmuch as the activation did 
not involve any appreciable reduction in volume, the 
formation of these impervious “plugs” prevents fur- 
ther penetration of vapors and gases and therefore 
further attack below the surface. If substances such 
as the usual carbonates had been used for the forma- 
tion of the pellets, their activation would have been 
accompanied by a large decrease in volume making 
the pellets more susceptible to atmospheric attack. 
The above constitutes an additional reason for the 
choice of interoxide systems for the pellet cathodes. 

‘2 The theoretical vapor pressure of Ba from the reaction between 
BaO and W resulting in the formation of BasWOs is nearly two 
orders of magnitude higher than determined experimentally (9), 
either because the enthalpy estimated in this work for the forma- 
tion of Ba;sWO, from its component oxides is too high or because, 


as shown in this section, the Ba formed by the reduction reaction 
becomes at least partly bound into the interoxide lattice. 


Fig. 7. Left: Standard electronic flashtube after 2500 
flashes (near end of life). Minimum average breakdown volt- 
age: 400 v. Right: Lamp identical to that above but using 
emission materials shown by Eq. [11] (thin film application on 
tungsten electrode) after 70,000 flashes. Minimum break- 
down voltage constant at 285 +5 v. Both lamps were oper- 
ated at 125 watt-sec (or Joules) per flash. 
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Fig. 8. A new type of repetitive electronic flashtube (used, 
for instance, for stroboscopic purposes) using pellet cathode 
of emission materials shown by Eqs. [10] or [11] or [12]. 
The life of these tubes is several million flashes. 


© 


% Lumens 


Life (hours) 


Fig. 9. Maintenance (in per cent of lumen output at 100 
hr) vs. life in hours, of: A, standard 400-w high-pressure mer- 
cury discharge lamp; B, same as A, but with electron emitting 
materials as shown by Eqs. [12] or [13] (from liquid sus- 
pension); C, same as B, but with modified electrodes. 


After manufacture into lamps, the pellet surface 
is reactivated either thermally or by sputtering. The 
ease with which this can be accomplished indicates 
that the attack, even after severe exposure, was very 
superficial. In the case of thermal reactivation, the 
formation of tungstates may be expected on the sur- 
face. D.T.A. experiments show that barium carbonate 
and W react at a high rate at 760°C (and slower well 
below this temperature). T. G. A. work with several 
interoxide pellets in each experiment failed to de- 
tect any weight loss (due to the accompanying evo- 
lution of CO) thereby confirming the above results 
of lamp behavior. This indicates that the formation 
of tungstates is insignificant. It may become signifi- 
cant, however, when the dry thin coatings mentioned 
earlier are used on a tungsten base. It will be re- 
called that these thin coatings adhere tenaciously to 
the tungsten base and provide good cathode per- 
formance if a slight excess of BaO or BaCO, is in- 
troduced. Probably the formation of tungstates to an 
extent of forming a number of “anchoring” sites but 
not to the extent of forming an interface could ac- 
count for this. 


Performance Characteristics 

In addition to the requirement of ease of manu- 
facture and use already mentioned, lamp cathodes 
must meet certain standards of performance. These 
are long life, low breakdown or starting voltage of 
the lamp, good lamp efficiency (number of lumens 
output per watt input), and good lamp “mainte- 
nance.” 

Improvements in performance obtained by the use 
of various forms of interoxide cathodes as described 
in this paper are shown in the examples of Fig. 7, 8, 
and 9. 
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The Calcium Silicate Mn + Pb Phosphor 
Phase Relationships and Preparation 


D. E. Harrison and Mary V. Hoffman 
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ABSTRACT 


Phase relations were examined in the vicinity of CaSiO, in the system 
to pseudowollastonite inversion temperature. Addition of MnSiO, to (Ca,Pb) 


CaSiO,-MnSiO,-PbSiO,. Lead solid solutions in CaSiO, lower the wollastonite 
SiO,ss markedly lowers the solubility of lead in (Ca,Mn,Pb)SiO,ss and causes 
a change in structure from pseudowollastonite to wollastonite. Application of 
the phase data is used to demonstrate how the synthesis technique can be varied 


The properties of the CaSiO,:Mn + Pb phosphor 
are described by Froelich (1), Merrill and Schulman 
(2), Schulman, Ginther, and Evans (3) and Fonda 
and Froelich (4). Various synthesis techniques are 
described by Steadman (5), Schulman (6), and 
Froelich (7). Phase data pertinent to the phosphor 
composition are limited. Glasser (8) recently re- 
examined the system CaSiO,-MnSiO, and, in general, 
he confirmed the earlier results of Voos (9), al- 
though differing in many details. No data are re- 
ported in either the binary system PbSiO,-CaSiO, or 
the ternary system CaSiO,-PbSiO,-MnSi0O,. 

The object of this study was to examine the perti- 
nent phase relationships in the vicinity of CaSiO, 
composition and in particular to determine the ex- 
tent of the solubility of lead in CaSiO, and its effect 
on the inversion temperature. Phase data were used 
as a basis for the interpretation of the reactions 
which occur during synthesis of the CaSiO,:Mn + Pb 
phosphor. 

Experimental Procedure 

The raw materials used for phosphor synthesis 
were Mallinckrodt Special Bulky silicic acid, silicic 
acid prepared from tetraethylorthosilicate, and re- 
agent grade PbSO, and MnCO,. The CaCO, was pre- 
pared by Chemical Products Plant of the General 
Electric Company. Compositions in the system 
CaSiO,-PbSiO, were made from silicic acid prepared 
by hydrolysis of tetraethylorthosilicate; all other 
compositions were made with Mallinckrodt silicic 
acid. 

Preparation of compositions and heat treatments. 
—The ingredients were ground in either an agate or 
a glass mortar with reagent grade acetone until dry. 
Calcines were prepared in either platinum or fused 
silica crucibles at temperatures ranging from 1000° 
to 1200°C for 3 hr to one month. Ternary composi- 
tions were prepared from preformed CaSiO,, MnSiO,, 
and PbSiO,. The compositions examined are listed in 
Table I. 


Apparatus and techniques.—(a) Phase identifica- 
tion was made with a General Electric recording 
diffractometer using Cu,, radiation (A = 1.540A) fil- 
tered with Ni. 


to produce major differences in particle size of the phosphor. 


(b) Microscopic examinations were made with a 
petrographic microscope. 


(c) A quench technique was used to examine the 
solid solution regions by procedures similar to those 
described by Shepherd, Rankin, and Wright (10). 
Thermocouples were calibrated using lithium meta- 
silicate (mp 1201°C) and gold (mp 1063°C). 


(d) Particle size distribution curves of phosphor 
powders were calculated from settling rates of par- 
ticles in water by application of Stokes law using 
the technique of Rabatin and Gale (11). 


Results and Discussion 

a(Ca,Mn)SiO, fluoresces a weak green and §(Ca, 
Mn) SiO, fluoresces a strong orange with cathode ray 
excitation. Fonda and Froelich showed that Mn- 
activated wollastonite, the low-temperature form of 
CaSiO, called (8), and not pseudowollastonite, the 
high-temperature modification called (a), could be 
sensitized to 2537A radiation by lead. Therefore, 
8(Ca,Mn,Pb) SiO, is the species implied by the nota- 
tion CaSiO,: Mn + Pb. 


Phase Relationships 
Preliminary studies showed that in the vicinity of 
the CaSiO, composition, the system CaO-MnO-PbO- 


Table |. Composition of CaSiO,-PbSiO.-MnSiO, mixtures 


Mole % Composition 
Sampie 
No. PbSiOs MnSiOs 

1 99.5 0.5 
2 99.0 1.0 _- 
3 97.0 3.0 
4 94.0 6.0 — 
5 92.0 8.0 
6 96.5 0.5 3.0 
7 96.0 1.0 3.0 
8 95.5 1.5 3.0 
9 93.5 0.5 6.0 

10 93.0 1.0 

ll 92.5 1.5 

12 90.5 0.5 

13 90.0 1.0 

14 89.5 1.5 

15 87.5 0.5 

16 87.0 1.0 

17 86.5 1.5 
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SiO, can be regarded as a 3-component system 
CaSiO,-MnSiO,-PbSiO,. Consequently, examination 
of the binary systems CaSiO,-PbSiO, and CaSiO,- 
MnSiO, (after Glasser), and the solid solution region 
8(Ca,Mn,Pb) SiO, provided data necessary to under- 
stand many of the reactions which occur during syn- 
thesis of the CaSiO,:Mn + Pb phosphor. 

A discussion of the pertinent phase data follows: 
The inversion temperature of calcium metasilicate.— 
The literature shows conflicting claims on the tem- 
perature of the dimorphic inversion in calcium meta- 
silicate. Voos, for example, reports that the inversion 
occurs at 1210°C whereas Osborn and Schairer (12) 
give a value of 1125°C. Our attempts to prepare 
B-CaSiO, from CaCO, and SiO,-XH.,O always re- 
sulted in a mixture of a- + B-CaSiO, when fired at 
temperatures below ca. 1170°C; a sample fired at 
1000°C for one month consisted of about 50% a- + 
50% B-CaSiO,. At 1180°C or above, only a-calcium 
silicate formed. a-CaSiO, will begin very slowly to 
invert to B-CaSiO, at 1150°C after several weeks. 
The data are not conclusive but they indicated that 
the inversion lies between 1150° and 1180°C. 

The system CaSiO,-MnSiO,.—Glasser has recently 
re-examined the system CaSiO,-MnSi0O, and he is in 
general agreement with the earlier results of Voos 
except in many details and the disclosure that the 
solid solution series extends to 90% MnSiO, rather 
than to 100% as reported earlier. He shows that 
MnSiO, solid solutions in CaSiO, raise the inversion 
temperature to a maximum of 1400°C. The a= #- 
CaSiO, inversion temperature was not redetermined 
in the system CaSiO,-MnSiO,. However, Glasser and 
Osborn (13) found the a = £-CaSiO, inversion tem- 
perature to occur at 1125°C in the system CaO- 
Cr.O,-SiO.. 

The system CaSiO,-PbSiO,.—Nothing has been re- 
ported in the binary system CaSiO,-PbSiO,. The high 
volatility of Pb limited this investigation to the area 
around the CaSiO, composition. Solid-state calcines 
of preformed CaSiO, and PbSiO, were used as start- 
ing materials for quench studies. The loss of lead 
after calcining these mixtures for 6 days at 1050°C 
is shown in Table II. Since 5 to 7 additional days 
were required for the samples to reach equilibrium 
in the quench furnace, further lead losses can be ex- 
pected, but the magnitudes of these losses were not 
determined. 

The quench data are given in Table III and are 
shown graphically in Fig. 1. The unusual shape of 
the two phase area, particularly the flat lower limit, 
probably reflects the fact that the compositions have 
shifted from the binary join. Consequently, the phase 


Composition after 
1050°C/6 days 


Initial composition 
% mole % 
CaSiOs3-PbSiO; 


ole 
CaSiO;-PbSiO; 


99.5 : 99.55 0.45 
99.0 : 99.27 0.73 
97.0 : 97.22 2.78 
94.0 . 94.34 5.66 
92.0 92.14 7.86 
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H-CoSiOyss 


@-CoSiOyes 


TEMPERATURE °C 


4 5 6 
MOL PERCENT 


Fig. 1. A portion of the system CaSiO;-PbSiO, 


data can be taken only as an approximation of the 
true equilibrium relationships. 

PbSiO, is soluble in a calcium metasilicate to at 
least 6 mole % and it lowers the inversion tempera- 
ture; the addition of 3 mole % PbSiO, lowers the in- 
version below 1125°C. Extrapolation of the two- 
phase area boundaries to pure calcium silicate in- 
dicates that the inversion occurs at 1160° + 10°C. 
The (Ca,Mn,Pb)SiO, ss phase region.—A portion of 
the plane CaSiO,-MnSiO,-PbSiO, in the vicinity of 
CaSiO, was examined at 1160°C. This temperature 
was selected because it is near the inversion tem- 
perature and also is a practical temperature for 
phosphor synthesis. Calcines were prepared by heat- 
ing mixtures of preformed a(Ca,Pb)SiO, and MnSiO, 
for periods up to three weeks with a thorough grind- 
ing every 12 hr. 

Lead is much less soluble in £- than in a-CaSiO, 
in the presence of MnSiO,. For example, solution of 3 
mole % MnSiO, in a(Ca,Pb)SiO, changes it to 8(Ca, 
Pb,Mn)SiO, and lowers the Pb solubility from over 
6 mole % to less than 1 mole %. 

The loss of Pb after various firing times from a 
typical phosphor composition is shown in Table IV. 
These data reveal that 8.3% Pb is lost during the 
formation a(Ca,Pb)SiO,ss (prepared from PbO + 
CaO + SiO.) whereas 33.3% Pb is lost after 4 hr and 
53.7% Pb after 16 hr at 1160°C from the reaction of 
a(Ca,Pb)SiO, + MnSiO, to yield the quaternary 
composition B(Cay The greater sta- 
bility of lead in a(Ca,Pb)SiO,ss than in 8(Ca,Mn,Pb) 


10 
MOL PERCENT MnSiOs 


Fig. 2. A portion of the plane CaSiO,-MnSiO,-PbSiO; 
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Table II. Loss of Pb from CaSiO,-PbSiO, mixtures é 
S 4 
= @-(Co,Mn,Pb)SiOyss 
Mole % 
No. Pb loss + LIQUID 
= ae 
qj 2 27.0 2 4 
3 7.3 CaSiOg 
4 5.7 
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Table I1!. Quench data for the system CaSiO,-PbSiO, 
Composition 
No. CaSiOnPSIOs Temperature Phase present 
1 99.55 0.45 975 8(Ca, Pb) SiO, 
994 B(Ca, Pb) SiO; 
1050 8(Ca, Pb) SiO, 
1106 6(Ca, Pb) SiO; + Trace a(Ca, Pb) SiO, 
1112 B(Ca, Pb) SiO, + a(Ca, Pb) SiO; 
1121 (Ca, Pb) SiO, + a(Ca, Pb) SiO; 
1140 (Ca, Pb) SiO, + a(Ca, Pb) SiO, 
1151 8(Ca, Pb) SiO, + a(Ca, Pb) SiO, 
1165 a(Ca, Pb) SiO, 
2 99.27 0.73 975 6(Ca, Pb) SiO, 
994 B(Ca, Pb) SiO, 
1050 8(Ca, Pb) SiO, 
1106 B(Ca, Pb) SiO, + a(Ca, Pb) SiO, 
1121 (Ca, Pb) SiO, + a(Ca, Pb) SiO; 
1140 B(Ca, Ph) SiO, + a(Ca, Pb) SiO, 
1151 B(Ca, Pb) SiO; + a(Ca, Pb) SiO, 
1165 a(Ca, Pb) SiO, 
3 97.22 2.78 990 B(Ca, Pb) SiO, 
1050 6(Ca, Pb) SiO, 
1075 B(Ca, Pb) SiO, 
1102 8(Ca, Pb) SiO, 
1117 (Ca, Pb) SiO; + a(Ca, Pb) SiO; 
1128 a(Ca, Pb) SiO, 
4 94.34 5.66 990 6(Ca, Pb) SiO, 
1050 8(Ca, Pb) SiO, 
1075 B(Ca, Pb) SiO, 
1102 6(Ca, Pb) SiO, 
1117 B(Ca, Pb) SiO, + a(Ca, Pb) 
1128 a(Ca, Pb) SiO, 
5 92.14 7.86 990 6(Ca, Pb) SiO, 
1050 p(Ca, Pb) SiO, 
1075 Pb) SiO, 
1102 Pb) SiO, 


SiO,ss can be demonstrated qualitatively by a spot 
test with an acidic solution of KI. a(Ca,Pb)SiO,ss 
(Sample B) gave no test for Pb, whereas 8(Ca,Mn, 
Pb)SiO, (Sample E) gave a strong test for Pb even 


Because of the volatility of Pb, the quaternary 
solid solution region reported can be regarded only 
as a rough approximation to equilibrium conditions. 
For this reason, the diagram of the plane CaSiO,- 


after most of the surface Pb had been removed by 
refiring with NH,CIl. 

The area adjacent to the solid solution region is a 
liquid plus crystal area. The presence of liquid was 
detected by quench studies and by its effect on the 
oxidation state of Mn. Compositions in the crystal 
plus liquid area had a permanganate pink color and 
they were sintered into dense agglomerates. In con- 
trast, composition within the solid solution region 
remained nearly white in body color and did not 
sinter. 


Table 1V. Loss of Pb from phosphor composition 


Composition Wt % Pbcontent % Pblost particle size and higher oxidation states of Mn. A 
second firing with NH,Cl is necessary to remove a 
(A) — (CaO + PbO + 1.08 _ surface film of “lead-manganese-silica” which coats 
SiO.) stalli 
(B) Ist Fire, 1140°C/4 hr 0.99 8.3 the phosphor 
(Ca. Pb) SiO, ss Certain applications require a phosphor with 
(C) 2nd Fire, 1160°C/4 hr 0.72 33.3 smaller particle size. In this case it is desirable to 
(Ca, Mn, Pb) SiO, ss avoid formation of metastable liquids. According to 
(D) we Ae 7. tg Bn hr 0.50 53.7 the phase data it should be possible to prepare either 
n, D 1U), 8S 
(E) 3rd Fire, 1160°C/4 hr + 0.43 60.2 B(Ca,Mn)SiO,ss or a(Ca,Pb)SiO,ss and react each 
NH.Cl(Ca, Mn, Pb) material with either PbO or MnO to form B(Ca,Mn, 
SiO, ss Pb)SiO,ss. In this way, metastable liquids are 


MnSiO,-PbSiO,, shown in Fig. 2, has curved dashed 
lines to indicate the approximate Pb contents. 


Preparation of the CaSiO,:Mn + Pb phosphor 


Synthesis techniques in which all of the compo- 
nents, i.e., C@0+MnO+PbO+Si0O, are initially fired 
together require an excess of Pb in order to allow for 
losses by volatilization. A typical initial composition 
is indicated in Fig. 2 by point “A” which is in the 
liquid plus crystal area adjacent to the solid solution 
region. As the firing progresses the composition 
gradually shifts to point “B” located within the solid 
solution region. The metastable liquids formed serve 
as effective mineralizers, but they promote large 
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avoided in the system CaSiO,-MnSiO,-PbSiO,. How- 
ever, the quaternary solid solution is unstable due to 
the volatility of lead so that the reaction: 


8(Ca,Mn)SiO,ss + Pb* — 8(Ca,Mn,Pb) SiO,ss [1] 


cannot be expected to be very successful. 
The alternative reaction: 


a(Ca,Pb)SiO,ss + Mn* — 8(Ca,Mn,Pb) SiO,ss [2] 


should be more successful due to the greater stability 
of lead in a(Ca,Pb)SiO,ss than in B(Ca,Mn,Pb) 
SiO,ss. A sufficiently large excess of Pb can be in- 
corporated initially in a(Ca,Pb)SiO,ss to allow for 
losses by volatilization. 

Although reaction [2] avoids quaternary liquids, it 
is still necessary to form a(Ca,Pb)SiO,ss, and low- 
melting liquids in the system CaO-PbO-SiO, cannot 
be avoided. However, advantage can be taken of the 
polymorphic inversion from a(Ca,Pb)SiO.ss to 8(Ca, 
Mn,Pb)SiO,ss. Although a- and B-CaSiO, have about 
the same densities, a volume change sufficiently large 
to cause disintegration of agglomerates may be ex- 
pected in going from a(Ca,Pb)SiO,ss to 8(Ca,Mn,Pb) 
SiO,ss because of the difference in size between Pb” 
and Mn” ions. 

Attempts to prepare 8(Ca,Mn,Pb)SiO,ss by reac- 
tion [1] did not yield high brightness phosphors 
since it is not possible to incorporate enough Pb in 
the phosphor to give sufficiently high absorption for 
2537A. 

The preparation of 8(Ca,Mn,Pb)SiO, by reaction 
[2] proved successful. Thus, the preparation of the 
phosphor involves three steps: (a) formation of 
a(Ca,Pb)SiO,ss, (b) formation 8(Ca,Pb,Mn)SiQO,ss, 
and (c) removal of a surface film of “‘manganese- 
lead-silica.”’ Each step is discussed in detail. 

(a) a(Ca,Pb)SiO, forms metastably below the 
inversion temperature so that the reaction proceeds 
rapidly at temperatures between 1100° and 1200°C. 
The occurrence of metastable liquids accelerates the 
reaction and it causes the development of large ag- 
gregates having diameters between 30 and 100 ux. 

(b) The formation of 8(Ca,Mn,Pb)SiO,ss_ re- 
quires that both MnO + SiO, be incorporated into 
a(Ca,Pb)SiO,ss. Addition of MnO and SiO, as MnSiO, 
is impractical since three days or more are required 
for the reaction to reach equilibrium. This result is 
not surprising since CaSiO, and MnSiO, must have 
about the same lattice energy as evidenced by their 
extensive solid solution series. If MnO and SiO, are 
mixed with a(Ca.Pb)SiO,ss, MnSiO, forms more 
readily than the quaternary solid solution and again 
the reaction is very sluggish in reaching completion. 
However, 8(Ca,Mn,Pb)SiO.ss can be formed in 2-3 
hr at 1160°C by reacting MnCO, plus a(Ca,Pb) SiO,: 
SiO.. Using this method it is necessary to add suffi- 
cient excess silica in the preparation of a(Ca,Pb) 
SiO,ss to account for all of the Mn in the quaternary 
composition. 

Silica is not soluble in a(Ca,Pb) SiO, at concentra- 
tions greater than about 1 mole %, although there 
may be slight solubility below this amount. Only 
silica which is in contact with a calcium silicate will 
react with MnO to form 8(Ca,Mn,Pb) SiO,ss. Isolated 
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24 6 8 © @ 1B 20 22 24 26 28 32 34 36 38 40 44 
DIAMETER IN MICRONS 


Fig. 3. Particle size distribution curves of CaSiO,:Mn + Pb 
phosphors. (A) CaO + PbO + MnO + SiO. > B(Ca, Pb, Mn) 
SiO; ss; (B) a(Ca, Pb) SiO; ss + Mn** + B(Ca, Pb, Mn) SiOs ss. 


SiO, particles react with MnO to form MnSiO, which 
effectively removes Mn from the reaction. 

Microscopic examination of samples obtained by 
quenching after various times clearly revealed the 
course of the reaction. MnO + SiO. diffuse rapidly 
along grain boundaries of the a(Ca,Pb)SiO, aggre- 
gates. Inversion of a(Ca,Pb)SiO, begins at the pe- 
riphery, and as each crystallite of a(Ca,Pb)SiO, in- 
verts to B(Ca,Mn,Pb) SiO, sufficient contraction oc- 
curs to permit the crystallite to separate from the 
matrix. Thus, this process leads to the disintegration 
of the aggregates of a(Ca,Pb)SiO,. 

(c) The Pb which is volatilized from the quater- 
nary solid solution appears to react with excess silica 
to form a lead silicate film which causes slight sin- 
tering. Sintering can be minimized by employing as 
short a firing time as possible and by using as little 
excess silica over stoichiometry as practical. 

Lead silicate on the surface of the 8(Ca,Mn,Pb) 
$iO.ss crystals also stabilizes higher oxidation states 
of Mn. Consequently the surface film serves as a 
filter which considerably lowers the fluorescent 
brightness of the phosphor. The film may be removed 
by refiring with NH,Cl. 

The product obtained has substantially smaller 
particle size than phosphor produced by initially 
firing together CaO+MnO+PbO+Si0.. Phosphor 
prepared by reaction [2] showed less than 1 wt % 
oversize on 325 mesh sieve whereas conventional 
material gave 10-15 wt % oversize. Particle size dis- 
tribution curves are shown in Fig. 3. It is evident 
that reaction [2] serves to minimize aggregate 
growth rather than to yield smaller crystallites since 
either technique yields a maximum of material in 
the 5 to 7 uw range. The area under curve “A” for ma- 
terial produced by initially firing together CaO+ 
MnO+PbO+SiO. represents 85-90 wt % of the total 
material since 10-15 wt % is greater than 44 » or 325 
mesh. On the other hand, curve “B” for phosphor 
produced by reaction [2] represents 100 wt % since 
substantially all of the material is less than 325 
mesh. Either technique yields phosphor with the 
same fluorescent properties. 


Acknowledgment 


The authors thank E. S. Palik for determining the 
particle size distributions of phosphor powders. 


4 
80 
(a) (8) 
4 
t 
ay 
“hee 
4 
mnt. 
F 


804 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


Manuscript received April 1, 1959. This paper was 
prepared for delivery before the Philadelphia Meeting, 
May 3-7, 1959. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1960 JouRNAL. 


REFERENCES 

1. H. C. Froelich, J. (and Trans.) Electrochem. Soc., 
93, 101 (1948). 

2. J. B. Merrill and J. H. Schulman, J. Opt. Soc. Amer., 
38, 471 (1948). 

3. J. H. Schulman, R. J. Ginther, and L. W. Evans, 
ibid., 38, 817 (1948). 

4. G. R. Fonda and H. C. Froelich, J. (and Trans.) 
Electrochem. Soc., 93, 114 (1948). 

5. A. Steadman, U.S. Pat. 2,299,510, Oct. 20, 1943; 

Chem. Abs., 37, 1658’. 


The Dielectric Behavior of Solids Embedded 
in a Homogeneous Medium 
Barlane R. Eichbaum 


Product Development Laboratory, International Business Machines Corporation, Poughkeepsie, New York 


ABSTRACT 


Dielectric constant and tan 5 of powdered crystal phases of alumina, quartz, 


September 1959 


6. J. H. Schulman, U.S. Pat. No. 2,474,193, June 21, 
1949; Chem Abs., 43, 6517g. 
7. H. C. Froelich, U.S. Pat. 2,542,322, Feb. 20, 1951; 
Chem. Abs., 45, 5027a. 
8. F. P. Glasser, Private communications. 
. E. Voos, Z. Anorg. Allgem. Chem., 222, 213 (1935); 
E. P. Hall and H. Insley, J. Am. Ceram. Soc., 30, 
63 (1947). 
10. E. S. Shepherd, G. A. Rankin, and F. E. Wright, Am. 
J. Sci., 4th Ser., 28, 293 (1909). 
11. J. G. Rabatin and R. H. Gale, Anal. Chem., 28, 1314 
(1956). 
12. E. F. Osborn and J. F. Schairer, Am. J. Sci., 239, 
715 (1941). 
13. F. P. Glasser and E. F. Osborn, J. Am. Ceram. Soc., 
41, 358 (1958). 


Ko) 


and wollastonite were determined. Since it is very difficult to obtain dielectric 
measurements of very fine (powdered) crystals, a technique of embedding the 
solids in a homogeneous medium was used. The relationship between particle 
shape and volume present in the composite to the dielectric properties of such 


The dielectric properties of large single crystals of 
inorganic materials can be determined since there is 
sufficient mass present to use standard measuring 
techniques. Although large single crystals of many 
inorganic materials are not available, it would be 
desirable to determine the dielectric properties of 
granular or pulverized crystallites in order to study 
their dielectric contribution in composite mixtures. 
The object of this research is to present a method 
for determining the dielectric properties of such 
fine powdered crystallites. 

Niesel proposed a theory to compute dielectric 
properties of solids embedded in a homogeneous 
medium (1, 2). This theory considers the volume and 
particle shape of the crystalline materials embedded 
in the homogeneous medium. In order to overcome 
the variations which would be encountered if com- 
pressed powders were studied, a technique of em- 
bedding inorganic powders in a homogeneous me- 
dium was devised and used throughout this investi- 
gation. 

Theory.—Several theories have been developed to 
predict dielectric properties of polycrystalline mix- 
tures. A theory developed by Lichtenecker (3) in 
1926 gives a good approximation for mixtures hav- 
ing a maximum dielectric constant of 10. In 1935 
Bruggeman (4) developed equations for determining 
dielectric constants of mixtures of materials with 
crystal shapes approximating spheres or lamellae. 
Niesel (1,2) gave a method for calculating both the 
dielectric constant and loss angle of an aggregate 


fine powders was in accord with that indicated by Niesel’s theory. 


consisting of crystals (assumed to be ellipsoids) 
mixed with a homogeneous material. 
The equations derived by Niesel for the isotropic 
cases of spheres, lamellae, and long cylinders em- 
bedded in a homogeneous medium are as follows: 


(a) Spheres 


1-—Vi= 


a—e * 
[1] 


€ 
(b) Lamellae (randomly oriented) 


3ea + 2Vi(ei — ea) 


2 
3ei — Vi(ei — ea) [ J 
(c) Long cylinder (needles) 
V ei—e (ei + 5ea) [3] 
ei — ea ei + 5e 


where ci = dielectric constant inside ellipsoid, ea = 
dielectric constant outside ellipsoid, « = resulting di- 
electric constant, and Vi = volume fraction occupied 
by ellipsoids. 

If 5, is the loss angle of the crystal phase and 8, 
that of the medium, then the resulting loss angle 6... 
is given by 


tan 3,., = m, tan §, + m. tan 8, [4] 


If the loss angles of the two ingredients are known 
it is necessary to determine the values of m, and m, 
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(energy fractions) which are derived by Niesel to be Sample Preparation 
as follows for the three cases: 


(a) Spb In order to test Niesel’s theory it was necessary to 
a pheres 


devise a method of embedding the inorganic crystals 
(«, — €) (Ze, + «:) in a homogeneous medium; the dielectric properties 
2= were then determined. Polystyrene was selected as 
— + 41) the homogeneous medium in which to embed the 
(b) Lamellae crystals since it has very low loss properties. 
Known volumes of five inorganic powders were 
a ee dispersed in a known volume of polystyrene and 
1+ K, carbon tetrachloride solution. This solvent was se- 
K,. lected because it has a dielectric constant and tan 6 
cy oa 2 similar to that of polystyrene (5, 6), and, if it should 
P not evaporate completely, little effects would be con- 
tributed. The mixtures were completely dried out, 
then hot pressed into disks having a 1% in. diameter 
and approximately 0.05 in. thick. In all cases the 
volume of powdered inorganic material does not ex- 
ceed 65% or the specimen will not be dense, hence, 
a true evaluation will not be obtained. 
The values of dielectric constant and tan 6 were 
[8] determined with the Boonton Q-meter type 160A at 
1 megacycle. 
Preliminary investigation.—In order to determine 
[9] the correlation between the theoretical and experi- 
mental values for mixtures having known, measured 
m,+m,=1 [10] dielectric constant and tan 6, two glasses, Vycor and 
window glass, were selected for study by embedding 
and « = dielectric constant of combined phases, «, = in polystyrene. These glasses were ground wet and 
dielectric constant of glass phase, e, = dielectric con- screened through 100 and 200 mesh sieves prior to 
stant of crystal phase, m, = energy fraction of crystal combining with polystyrene. The ground glass is 
phase, and m, = energy fraction of glass phase. considered an isotropic powder material in this case. 


(c) Cylinder additions 


Table |. Theoretical and experimental values of dielectric constant and 
power factor for Vycor glass-polystyrene mixtures 


Theoretical 


Lamellae Spheres Long Cylinder 


tan 6 » % € tan 6 tan 6 


0.00022 2.55 0.00022 0.00022 
0.00030 A 2.70 0.00029 0.00046 
0.00037 . 2.86 0.00036 0.00050 
0.00045 ‘ 3.02 0.00043 0.00055 
0.00051 ‘ 3.18 0.00050 0.00061 
0.00057 . 3.36 0.00056 0.00064 
0.00063 : 3.53 0.00062 0.00069 
0.00068 ‘ 3.69 0.00068 0.00072 
0.00074 . 3.90 0.00078 0.00077 
0.00080 , 4.09 0.00079 0.00081 
0.00084 4.28 0.00084 0.00084 


Experimental 


— 200 mesh 


Vycor 
volume, % tan 6 


0.00022 0.00022 
0.00031 j 0.00036 
0.00039 0.00040 
0.00045 0.00047 
0.00046 0.00049 
0.00048 0.00052 
0.00054 0.00054 
0.00057 0.00057 
0.00065 0.00066 
0.00069 0.00068 
0.00084 0.00084 
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Fif 1. Volume of Vycor glass on polystyrene vs. dielectric 
constant and tan 8. 


Fig. 2. Photomicrograph of Vycor glass particles. Magnifi- 
cation |1000X 


Two glasses were used because their dielectric 

properties were quite different and this could be used 
as a means of verifying the validity of Niesel’s equa- 
tions. Dielectric properties were determined on a 
square piece of each glass 2 in. by 2 in. by approxi- 
mately 1/5 in. thick. These glasses were crushed to 
-100 and —200 mesh grain sizes. Both glasses were 
investigated using grains of two particle sizes in 
order to check if the particle size has any effect with 
either low or high loss glass. Niesel claims that the 
particle size of the powdered material should have 
no effect on the results; therefore, it was necessary 
to substantiate this claim. 
Vycor glass-polystyrene mixture.—The two different 
particle sizes of Vycor glass were embedded in poly- 
styrene. The dielectric properties of the two mate- 
rials are: 

tan 6 
0.00022 
0.00084 


Since the values for the two end members are 
known, calculations were made on the basis of la- 
mellar, spherical, and long cylinder (needle) particle 
shapes in order to determine if the experimental 
values obtained compare with any of the theoretical 
curves. Calculated values for the three particle 
shapes and the experimental value are listed in 
Table I. All of these values are plotted vs. volume of 
glass present in Fig. 1. 

As can be seen from the graph of Fig. 1, the 
curves for theoretical dielectric constant are so close 
together that it is difficult to distinguish between 
them. The symbols used to denote experimental 


e 
Polystyrene 2.55 
Vycor glass 4.28 
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Fig. 3. Photomicrograph of window glass particles Magnifi- 
cation 1000X. 


values for both —100 and —200 mesh sizes follow 
right in line with the theoretical curves. 

The theoretical curves for tan 6 on Fig. 1 are easily 
differentiated. The curve for spherical particles is 
almost a straight line, whereas that for randomly 
oriented lamellae has a greater upward curvature, 
and the curve for randomly oriented needles has a 
rapid increase which levels off to almost a straight 
line. Experimental values obtained for both the 
—100 and —200 mesh particles fall right in line with 
the long cylinder addition curve. This was not ex- 
pected because it was assumed that the particles 
would most closely approach a spherical shape. How- 
ever, when examined with a petrographic micro- 
scope, many of the particles were noted to be a long 
needle shape as can be seen in the photomicrograph 
of Fig. 2. 

These results were very enlightening, showing that 
this difference of particle shape has a definite effect, 
that the particle size difference has no marked effect, 
and that the experimental and calculated values of 
both dielectric constant and tan 6 vs. volume per cent 
are almost identical for the case of the long cylinder 
shaped additions. 

Window glass-polystyrene mixtures.—In the experi- 
ments using glass-polystyrene mixtures as with the 
Vycor glass-polystyrene mixtures both —100 and 
—200 mesh glass grains were embedded in poly- 
styrene for the determination of dielectric properties. 

The values of the 100% product in this case at 

1 me and 25°C are; 


€ tan 6 
Polystyrene 2.55 0.00022 
Window glass 7.95 0.012 


The particle shape of this glass (ground) was in- 
vestigated and assumed to approach a spherical sym- 
metry as can be seen in Fig. 3. Since the particles did 
not appear to be elongated as many were in the case 
of Vycor glass, theoretical calculations were per- 
formed only for spherical and lamellar particle 
shapes. Theoretical values obtained for these two 
shapes vs. volume per cent as well as the experi- 
mental values obtained for the two particle sizes are 
listed in Table II. Curves plotted for theoretical cal- 
culations and symbols designating the experimental 
values are plotted in Fig. 4. 

As can be seen in Fig. 4 the lamellar curves for 
both dielectric constant and tan § do not approach 
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Table II. Theoretical and experimental values of 
dielectric constant and power factor for 
window gloss-polystyrene mixtures 


Theoretical 


Spheres 


Window 
glass 
volume, % tan 6 


volume, % 


0.00022 
0.00116 
0.00194 
0.00340 
0.00549 
0.00733 
0.00921 
0.01077 
0.01140 
0.0120 


Experimental 


200 mesh — 100 mesh 


Window Window 
glass glass 
volume, % € tan 6 volume, % tan 6 


0 2.55 
6.0 2.68 
8.2 2.76 
12.6 2.88 
18.8 3.01 
23.7 3.17 
27.3 3.32 
31.5 3.48 
37.6 3.74 
47.7 4.31 
53.9 4.69 
60.6 5.22 
100 7.95 


0.00022 0 
0.0011 6.2 
0.0015 9.3 
0.0017 15.5 
0.0027 21.3 
0.0033 26.8 
0.0039 34.5 
0.0045 42.6 
0.0052 29.9 
0.0064 56.7 
0.0071 100 
0.0079 

0.0120 


0.00022 
0.0011 
0.0016 
0.0024 
0.0031 
0.0038 
0.0048 
0.0055 
0.0067 
0.0076 
0.0120 


the experimental values, but both the —100 and —200 
mesh particle size symbols are very close to the 
spherical curves. Calculated values of dielectric con- 
stant are slightly larger than experimental values, 
whereas calculated tan 6 values are slightly less than 
experimental values. 

However, the curves, being very close, show that 
the particle shape of the window glass, approaching 
sphericalness, can be used to make very close ap- 
proximations to the true experimental values. This 
helps to substantiate and justify the use of Niesel’s 


Theoretical 
Tamme 


ppheres 
Experimental 


- 200 mesh 
-100 mesh 


Dielectric Constant 


VOLUME OF WINDOW GLASS (%) 


Fig. 4. Volume of window glass in polystyrene vs. dielectric 
constant and tan 6. 


DIELECTRIC BEHAVIOR OF SOLIDS 


theory as does the case for Vycor glass-polystyrene 
mixtures. 

Since the experimental values obtained for the 
Vycor glass-polystyrene and window glass-polysty- 
rene mixtures so closely approach the theoretical 
values obtained with Niesel’s equations, the same ap- 
proach is used to determine the 100% volume values 
for the three crystalline materials, alumina, quartz, 
and wollastonite. 


Dielectric Properties of Alumina, Wollastonite, and 
Quartz Crystallites 


Since Niesel’s equations fit the experimental data 
for the two cases using glasses as the dispersed in- 
gredient, the same technique was used to determine 
the dielectric properties of the crystal phases of 
alpha alumina, wollastonite, and low-temperature 
quartz. 

Alumina-polystyrene mixtures.—A very pure 
grade of fused alumina’ ~ us used for determining the 
dielectric properties by embedding in polystyrene. 
von Hippel (7) determined the dielectric properties 
of a clear sapphire’ to be: 


« = 8.6 + 0.02, tan 6 = 0.001 


perpendicular to the optic axis 


«= 10.55 + 0.02, tan § = 0.001 


parallel to the optic axis 


when measured at one megacycle. 

This is a single crystal form of alumina and not a 
powdered form which is randomly oriented. 

The alumina grains used in this study appear to 
have a spherical shape symmetry (Fig. 5). Since 
these particles appear to be spherical, calculations 
were made only for spherical shaped particles and 
not for the other two shapes. Experimental values 
were first determined for alumina additions up to 
61% by volume as shown in Table III. These dielec- 
tric constants and power factors are plotted vs. vol- 
ume per cent of alumina on Fig. 6. Three of the 
points at volumes of 10.4, 42, and 50.5%, respec- 
tively, which fall on a curve drawn through all 


1 Norton's 38900 (900 mesh) which is alpha alumina and is 
99.86% AlsOs. 


2 Linde Air Co. alpha alumina. 


Fig. 5. Photomicrograph of alumina grains. Magnification 
1000X. 
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Table Ill. Theoretical and experimental values of 
dielectric constant and power factor for alumina 
(Norton 38900)-polystyrene mixtures 


Experimental 


Alumina 
volume, % € 


Alumina 


tan 4 volume, % € tan 6 
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0 2.55 0.00022 0 2.55 0.00022 

2.3 2.62 0.00024 10.4* 2.91 0.00027 
10.4 2.91 0.00027 25.6 3.55 0.00033 
20.9 3.33 0.00031 42.0* 4.36 0.00040 
32.0 3.71 0.00036 50.5* 4.82 0.00043 
42.0 4.36 0.00040 53.6 5.00 0.00044 
50.5 4.82 0.00043 100 8.42 0.00061 
61.0 5.29 0.00045 


* Experimental values used to calculate theoretical 100% value. 


points, were selected for making calculations of the 
100% alumina end point. The calculated values are: 


Volume 


alumina, % € tan 6 


10.4 8.45 0.00061 
42.0 8.42 0.00062 
50.5 8.40 0.00060 


8.42 


Avg 0.00061 


With these values other theoretical points were cal- 
culated for completing the plot of the theoretical 
curves on Fig. 6. All theoretical and experimental 
values are listed in Table III. 

As can be seen in Fig. 6 the theoretical curves and 
symbols for experimental points show good agree- 
ment. The dielectric constant and tan 6 of these ran- 
domly oriented alumina grains approach the values 
obtained for single crystals by von Hippel. 

Quartz-polystyrene mixtures.—Using a very pure 
grade of low-temperature quartz, which is 99% pure 
SiO,, the dielectric constant and tan 6 were deter- 
mined when mixed with polystyrene. Navias (7) 
determined the average dielectric constant and tan 
8 of a single crystal of quartz to be 

« = 4.44, tan 6 = 0.00025 (prism) 


0.00024 (basal) 


€ 4.44, tan 8 


at 8600 megacycles. 
Again, as in the case for alumina, these values are 
for single crystals and not for fine powders, which 


* Supplied by Pennsylvania Pulverizing Co. 
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Fig. 6. Volume of alumina in polystyrene vs. dielectric con- 
stant and tan 3d. 


Fig. 7. Photomicrograph of quartz grains. Magnification 
1000X. 
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Fig. 8. Volume of quartz in polystyrene vs. dielectric con- 
stant and tan 8. 


may have similar values regardless of size, but the 
effects when combined with a continuous phase need 
to be determined. For the theoretical calculations 
these quartz grains were considered to be spherical 
(Fig. 7). 

Several experimental values were determined on 
specimens containing up to 58.3% quartz by volume; 
these are listed in Table IV. Three sets of values for 
quartz volumes of 9.6, 25.7, and 58.3% were used for 
computation to obtain an average dielectric constant 
of 4.52 and a tan 6 of 0.00031 for the quartz grains. 
Using these values in Niesel’s formulas several other 
theoretical points for quartz volumes up to 100% 
were calculated and are listed in Table IV. All theo- 


Table IV. Theoretical and experimental values of dielectric 
constant and powder factor for quartz (Pennsylvania 
Pulverizing Co. —325 mesh)—polystyrene mixtures 


Experimental Theoretical 
Quartz 


Quartz 
volume, % € 


tan 6 volume, % € tan 6 


0 2.55 0.00022 0 2.55 0.00022 
9.6 2.71 0.00023 9.6* 2.71 0.00023 
13.2 2.76 0.00024 15.7 2.83 0.00024 
19.1 2.87 0.00025 21.3 2.90 0.00024 
25.7 3.00 0.00025 25.7* 3.01 0.00025 
31.0 3.09 0.00026 33.7 3.19 0.00026 
38.2 3.26 0.00026 43.2 3.30 0.00026 
46.7 3.36 0.00027 52.8 3.49 0.00027 
58.3 3.61 0.00028 58.3* 3.61 0.00028 
68.0 3.80 0.00028 

74.6 3.96 0.00029 

86.2 4.20 0.00030 

100 4.52 0.00031 


* Experimental values used to calculate theoretical 100% value. 
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retical and experimental dielectric constant and tan 
8 values are plotted against volume of quartz on Fig. 
8. Both the dielectric constant and tan 6 are coin- 
cident with the symbols designating the experi- 
mental values. 

The values of the dielectric properties of these 
quartz grains are very close to the average values 
obtained by Navias for single crystals. 

Wollastonite-polystyrene mixtures.—Wollastonite 
has been used successfully as a major ingredient in 
recently developed low loss insulation. Since no 
values of the dielectric properties of single crystals 
of wollastonite are available and synthesis of large 
wollastonite crystals for measurements would be al- 
most impossible, because pseudo-wollastonite is the 
stable phase at the high temperature required for 
synthesis, the values obtained will be considered to 
approach the average values of a single crystal. The 
purest commercial grade of wollastonite available‘ 
was used in this investigation. 

The particle shape of C-1 grade wollastonite is 
shown in Fig. 9. Calculations were made only for 
long cylinder shape particles in polystyrene because 
the wollastonite grains are definitely of this shape. 

From the several experimental values obtained for 
the volume of wollastonite in polystyrene listed in 
Table V three sets of values were selected at 11.0, 
24.9, and 62.0% volume for determining the theo- 
retical 100% wollastonite aggregate dielectric prop- 
erties. The average dielectric constant is 6.15 and the 
tan 6 is 0.00045. Using these values for wollastonite, 
the theoretical values vs. volume were calculated 


*Supplied by Godfrey L. Cabot Co. 


Fig. 9. Photomicrograph of wollastonite grains. Magnifica- 
tion 1000X. 


Dielectric Constant 


VOLUME OF WOLLASTONITE (%) 


Fig. 10. Volume of wollastonite in polystyrene vs. dielec- 
tric constant and tan 8. 
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Table V. Theoretical and experimental values of dielectric 
constant and power factor for wollastonite (Godfrey 
L. Cabot Co. C-1)—polystyrene mixtures 


Theoretical 


Experimental 


Wollastonite 
volume, % € tan 6 


Wollastonite 
volume, % tan 6 


0 2.55 

8.5 2.79 
11.0 2.84 
16.5 2.98 
20.2 3.08 
24.9 3.24 
31.7 3.38 
40.2 3.68 
46.5 3.99 
50.5 4.12 
62.0 4.50 
65.8 4.82 


0.00022 0 
0.00024 11.0* 
0.00025 16.8 
0.00027 24.9* 
0.00028 33.0 
0.00029 47.7 
0.00030 62.0* 
0.00033 74.0 
0.00034 86.8 
0.00034 100 
0.00038 

0.00038 


0.00022 
0.00025 
0.00027 
0.00029 
0.00031 
0.00035 
0.00038 
0.00041 
0.00043 
0.00045 


* Experimental values used to calculate theoretical 100% value. 


and are listed in Table V. These values are plotted 
on Fig. 10. 


Summary 

The dielectric properties of solids embedded in a 
homogeneous medium have been determined with 
the aid of Niesel’s theory which is based on particle 
shape and volume per cent of the solids. Niesel’s 
theory was first verified by embedding two glasses 
(one having a high loss and the other a low loss) of 
2 specific particle sizes in a homogeneous medium. 
Since the dielectric properties of both were known 
(measured) theoretical calculations were made 
which were almost identical with experimental 
values on samples with both glasses of 2 different 
particle sizes. Since such good correlation was ob- 
served with these inorganic materials of known di- 
electric properties the same techniques were used to 
determine the dielectric properties of alumina, 
quartz, and wollastonite. 
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Growth of Whiskers by Reduction of Halogenides 


H. Wiedersich 
Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 


ABSTRACT 


By reduction of SiCl, with Zn, silicon was produced and similarly by re- 
iron. In both cases variations of the growth condi- 


tions changed the forms of the crystals from equiaxed into thin, long ones 
(whiskers). Thermodynamic and kinetic considerations lead to the conclusion 
that the partial pressure of SiCl, resp. FeCl. or HCl determine the growth 
forms. The hypothesis is suggested that the adsorption of these components 
makes certain crystallographic plane growth inactive and therefore produces 


whisker growth. 


The phenomenon of filamentary or fibrous growth 
of metal crystals has been known for more than a 
hundred years (1). During the past few years these 
crystals have gained new interest especially due to 
the discovery that some of them exhibit almost the 
theoretical strength (2). It became evident that quite 
a number of different mechanisms are responsible 
for fibrous growth. Only three basically different 
categories will be mentioned: (A) Growth from the 
elementary metal: Whiskers grow spontaneous (3) 
or with applied external pressure (4) from the solid 
metal or platings. They grow from the root presum- 
ably by a dislocation mechanism whereby a stress 
gradient and/or surface oxidation supplies the neces- 
sary energy. (B) Growth by reduction of ionic crys- 
tals: Compounds inclined to fibrous growth are usu- 
ally either oxides or sulfides, have a low vapor pres- 
sure, and the metal ions have high mobilities in the 
lattice. The filaments grow from the root. The mech- 
anism suggested by Wagner (5) involves the pre- 
cipitation of excess metal ions, created by the reduc- 
tion, at the compound-metal interface. (C) Growth 
occurs from the vapor phase, either from the ele- 
mentary vapor (6,7) or in connection with the re- 
duction of a volatile compound (8-10). The filaments 
in this group grow from the tip contrary to the two 
previously mentioned groups. 

For growth from the elementary vapor phase, 
Sears (11) has given a satisfactory theory based on 
a screw dislocation mechanism. Atoms are adsorbed 
over the whole surface of the whisker and migrate 
by surface diffusion to the tip where they attach 
themselves to a continuous growth step caused by a 
screw dislocation along the axis of the whisker. Such 
a whisker should be a perfect crystal apart from one 
screw dislocation, and its side faces should be atom- 
ically smooth. 

The present investigation was intended to en- 
lighten the more complex phenomenon of whisker 
growth by reduction of volatile halides. The follow- 
ing reactions were used: 

SiCl, + 2Zn > Si + 2ZnCl. 
and 
FeCl, + H, Fe + 


which were known to produce whiskers (8-10). 


Temperature 
Borr 


Fig. 1. Experimental setup (schematic) 


Experimental 

Figure 1 shows schematically the experimental 
setup for growing silicon crystals. He or H., dehu- 
midified by bubbling through concentrated sulfuric 
acid, was passed through flowmeter I into the left 
side of the furnace and through flowmeter II and a 
SiCl,-saturator, which had a bypass C, into the right 
side of the furnace. The furnace had three separately 
controlled windings at the positions marked by 
ZnCl., Zn, and Si, to provide three different tem- 
perature zones for the evaporation of ZnCl. and Zn, 
and for the reaction which took place in the zone 
marked as Si. The interior of the furnace consisted 
of a Vycor tube with a fixed Vycor baffle between 
the Zn and Si zones and a removable baffle between 
the ZnCl, and Zn zones. There was a short inlet tube 
for H, on the left side and a long one for the H.-SiCl, 
mixture on the right side. The outlet for the gases, 
on the right side of the tube, leads through chamber 
A which was filled with glass fibers for the complete 
removal of ZnCl,, and a trap T immersed in liquid 
nitrogen to condense the unreacted SiCl.,. 

The experimental procedure was as follows. The 
whole tube, B, containing alundum boats filled with 
ZnCl, and Zn and an empty boat at the Si location 
was inserted in the hot furnace to reduce the pre- 
heating times and thereby the evaporation of ZnCl. 
and Zn before starting the reaction. Then the whole 


' 
wi f iu Th as 
Meter 
anc, 
a 
2 
26 
(is 
gay 
4 
he 
2 


Vol. 106, No. 9 


system was flushed with He before H, was intro- 
duced. As soon as the furnace was again at the de- 
sired temperature the reaction was started by simply 
closing the bypass C and allowing the SiC], vapor to 
enter the system. 

After the run (1 to 4 hr) the bypass C was opened 
again, the furnace turned off, and the system flushed 
with He. In order to remove traces of ZnCl,, which 
precipitated on the grown Si crystals during the 
cooling period, the boat with the Si crystals was an- 
nealed under a vacuum of a few mm Hg at 800°C for 
an hour. The chemicals used were: Zn (99.99%), 
ZnCl,(C.P.), and technical SiCl,. 

The setup for growing iron crystals was very simi- 
lar to that described before. The hydrogen was de- 
oxidized by a palladium catalyst and dried by a 
liquid nitrogen trap. The furnace had a constant 
temperature throughout. The SiCl, saturator was 
omitted, and FeCl,-4H.O (C.P.) was introduced in 
place of the ZnCl, and Zn. In this case the Vycor tube 
was inserted into the cold furnace, the system con- 
nected to the house vacuum, and then heated up to 
the operating temperature within about 15 min. Dur- 
ing this time it was necessary to pass a small flow 
of hydrogen through the system to prevent con- 
densing of water in the entrance tubes. The water 
contained in the FeCl, was practically completely 
evaporated after the heating-up time, and the flow 
rates and pressure (1 atm) were adjusted and kept 
constant throughout the rest of the experiment 
(6-24 hr). 


Results 

Silicon.—By controlling the temperature of the 
temperature bath and the zones T, and T, of the 
furnace, the composition of the reacting gases could 
be controlled. The temperature T, of the reaction 
zone could be fixed independently. The total pressure 
was practically atmospheric pressure. Table I sum- 
marizes the results of the 15 different runs per- 
formed. The partial pressures of the different com- 
ponents (indicated by subscripts) in the two enter- 
ing gases are given by p*; Vsici,, and Uz are the flow 
rates of the two different entering gas mixtures. The 
temperature in the reaction zone is also given. The 
line before the last states whether whiskers did or 
did not grow. 

All experiments which did not yield whiskers have 
in common that the initial partial pressure p*sic:, of 
SiCl, was comparatively low. The flow rates and the 
presence or absence of ZnCl, in the initial mixture do 
not seem to have an influence. Figure 2 shows silicon 
whiskers from run XIII. Not all crystals in Fig. 2 can 


GROWTH OF WHISKERS 


Fig. 2. Silicon whiskers grown in experiment XIII. Magnifi- 
cation 2X before reduction for publication. 


Fig. 3. Silicon crystals grown in experiment X. Magnifi- 
cation 15X before reduction for publication. 


be classed as whiskers. Many of those on the left side 
are not straight and do not have the characteristic 
smooth surfaces associated with whiskers. However, 
fine, straight whiskers can be seen. Many of the 
whiskers, sufficiently large for light microscopic ob- 
servation, are found to have hexagonal cross section. 
The diameter of the whiskers ranged from about 
5x 10° to 5x 10° cm. Figure 3 shows the types of 
growth in experiment X. The roughly spherical type 
of crystals covering the edge of the alundum boat 
were observed in all experiments which did not 
yield whiskers but were not observed in those yield- 
ing whiskers. Pyramidal crystals were found only in 
experiment X. 

Iron.—Fewer variations in growth conditions were 
made for iron crystals, since the only aim was to 
show that the growth mechanism is very much the 
same as for silicon. Table II summarizes the experi- 
ments performed. The symbols used correspond to 
the ones in Table I. One part of the flow of H.(»,) 
was passed over solid FeCl, thus converting to the 
equilibrium mixture of H., HCl, and FeCl, in the 
presence of solid FeCl, and Fe. Since the tempera- 
ture of the furnace was kept constant throughout at 
T = 658°C this mixture had always the composition 


Table |. Silicon crystals 


Run No. 


P* sicr, [at] 

Vsici, X 10° [moles/sec] 
P* un [at] 

P* [at] 

Vin X 10° [moles/sec]} 

Whiskers 

Symbol in Fig. 9 


V, Vil, 
Vill 


0.31 
5.3 
0.13 
0 
4.1 
834 
Yes 


2 
foes 
ag 
ig 
I II ul IV vI Ix x xu xIV XV 
bd 0.077 0.044 0.31 0.10 0.31 0.31 0.34 0.34 ; 4 
en 13 2.6 3.9 5.3 4.1 5.3 5.3 1.1 11 0.36 bee 
aaa 0.13 0.13 0.13 0.13 0.29 0.36 0.29 0.29 i J 
ali 0.17 0 0 0 0 0.41 0 0.28 ae 
16 32 41 4.1 4.1 5.0 16.1 10 «1.70.55 
ath 928 928 928 834 852 874 830 830 ee 
a ice No No Yes No Yes No Yes Yes Mnf 
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Table II. Iron crystals 


Run A B c G I 


v., [moles/sec] 10.6 « 10” 21.1 x 10° 4.9 x 10° 10.6 «x 10° 10.6 x 10° 
v, [moles/sec]} 10.8 x 10° 10.8 x 10° 10.8 « 10° 21.5 x 10° i 10.8 «x 10° 


1.02 0.50 2.18 2.04 ; 1.02 


P' reer, [at] 2.85 x 10° 4.31 x 10° 1.39 x 10° 1.50 x 10“ ji 2.85 x 10° 
P'uer [at] 0.082 0.108 0.054 0.053 q 0.082 
[at] 0.915 0.889 0.944 0.945 0.915 
Whiskers Some Many None None Some 


Values common to all runs: p*reci, 7.25%10°%, p*ucr 0.156, p*n, 0.837 at; temperature 658°C; Smax = 1.12; rmax (cale.) = 
10-'* cm/sec; 10-° cm/sec. 


p*ucr = 0.156, p*u, = 0.837, and p*reci, = 7.25 x 10° 
at. Equilibrium data of Kangro and Peterson (12) 
and vapor pressure data of Mayer (13) were used to 
obtain the values of the partial pressures. Into this 
mixture pure H, was introduced with the flow rate v,. 
A decrease of the ratio v,/v, (this means smaller 
amounts of H, get introduced into a given volume of 
the equilibrium mixture) causes an increase in the 
tendency to form whiskers. Figure 4 shows the 
growth resulting from the runs G, I, and H. Above 
the centers of the boats an iron wire is suspended 
from which most but not all of the whiskers grew. 
Small crystals were found, in all experiments, grow- Bes... = x 
ing on the boats, the wires, and the surrounding Vy- 
cor tubes. They were mostly cubes with indications 4 2 
of (110) and (111) planes as shown in Fig. 5. The 


whiskers as shown in Fig. 6 and 7 frequently had Fig. 6. lron whiskers from experiment |. Magnification 38X 
before reduction for publication. 


right angle kinks and varied in thickness from about 
5 x 10° cm to 8 x 10° cm. The cross section was usu- 
ally square or rectangular; a few hexagonal ones 
were found. Sometimes the cross section decreased 
toward the tip. Figure 8 shows the tip of a whisker 
apparently bounded by (100) planes and one (111) 
plane. 


Discussion 
There are principally three different processes in- 
volved in the growth of the crystals in the present 


kind of system: (a) intermixing of the two incoming 


Fig. 4. lron crystals and whiskers from experiments G (top), 
| (middle), and H (bottom). 


Fig. 5. lron crystals from experiment C. Magnification 32X Fig. 7. lron whiskers from experiment H. Magnification 38X 
before reduction for publication. before reduction for publication. 
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Fig. 8. Tip of an iron whisker. 300X before reduction for 
publication. 


gases by convection and diffusion; (b) chemical re- 
actions; and (c) precipitation on the growing face 
of the crystal. 

Since no simple way of estimating the intermixing 
by convection is available, we consider only the 
process of diffusion. From kinetic gas theory one ob- 
tains for the diffusion constant in gases the expres- 


sion (14) 
32 ( 


On 7 


kT 


p\/m 


where k = Boltzmann constant, T = absolute tem- 
perature, 6 = collision diameter, p = pressure, and 
m = mass of the molecules. Using reasonable average 
numbers for these quantities (T = 1150°K, §= 3A, 
p = 10° dynes/cm’*, m = 2x 10™ g); a rough estimate 
for D is: 


D = 1.5 em*/sec 


Thus one can expect that for a tube of radius 1 cm 
complete mixing is achieved in less than 1 sec. This 
is to be compared with the time the gas mixture re- 
mains in the hot part of the reaction zone (~10 cm), 
which ranged between 1 and 20 seconds. So the re- 
acting gases are expected to have mixed completely 
in all experiments, especially since convection is 
favoring the mixing. 

Very little is known about the details of the second 
of the above mentioned processes, the chemical reac- 
tion. We shall asume that it takes place mainly in the 
gaseous phase and shall try to derive some conclu- 
sions about the growth of the crystals which are 
based on this assumption. 

Due to the nature of the experiments it is not pos- 
sible to derive values of the actual supersaturation 
S (defined as ratio of the partial pressure in the gas 
p to the equilibrium pressure p,.,,) during growth. 
Yet one can easily obtain an upper limit for S as- 
suming one can apply the ideal gas law. 

Silicon.—The main, and probably the exclusive, 
reaction taking place is 


SiCl, + 2Zn > Si + 2ZnCl, [1] 


Mox Possible 
Growth Rote 


Pressures 


Partial 


Final 


Max Possible 


Super 
Seturation 


Min Growth 


| 


900 


SiClg 22m = Si 


SiCig* 22m Si 
Ond SiCig* 2H, — Si 


Fig. 9. Range of variables during growth of Si crystals 


Preliminary experiments have shown that hydrogen 
by itself is not able to reduce SiCl, at the tempera- 
tures used even though thermodynamic equilibrium 
data (15) predict a reaction 


SiCl, + 2H. > Si + [la] 


should yield measurable amounts of Si. In the fol- 
lowing it is therefore assumed that only reaction [1] 
has taken place in the experiments. Yet in Fig. 9 the 
values obtained by taking in addition [la] into ac- 
count are added. From Gibbs free energy data given 
by Kellogg (15) and vapor pressures (14,16) one 
obtains the equilibrium constant K*' in the law of 
Mass Action for reaction [1] 

- Psici, zn [2] 

Psi X P 

the p’s denote the partial pressures of the chemical 
Species indicated by subscripts in the gas mixture. A 
supersaturation S > 1 (S = 1 means equilibrium be- 
tween gas and solid phase) is obtained only if the 
homogeneous reaction in the gas phase is faster than 
the heterogeneous one of precipitation. The maxi- 
mum value of S which could be achieved would oc- 
cur if the first reaction reaches equilibrium before 
the second has proceeded in any appreciable amount. 
Taking this into account one derives from [2] in a 
straight forward way the limits of S: 


1 Psic, X 


1sss— 
K’x (pst) ean P 


[3] 


In case all three components SiCl,, Zn, and ZnCl, are 
introduced, one can use on the right side of the Eq. 
[3] the partial pressures before the reaction since the 


1 The square is used to be in agreement with Kellogg's definitions. 
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amount reacted in the gas phase to achieve equi- 
librium is extremely small as long as practically no 
precipitation has taken place. 

In case no ZnCl, is added, the change in preci, due 
to the reaction has to be taken into account and one 


obtains: 
l Psici, X P'zn 
——— 
(Dai) eas 4K* 


Now Eqs. [3] and [4] have to be expressed in terms 
of the partial pressures p* in the entering gases. The 
two gas mixtures characterized by p*sic:, and by p*z» 
and p*ze., enter the reaction chamber and mix by 
convection and interdiffusion. Assuming the diffusion 
constants are equal (actually they will differ by less 
than the factor 10) one.can obtain the possible upper 
limit of S in terms of the composition of the entering 
gases. One volume unit of the final mixture may be 
composed of “a” units of (Zn, ZnCl, H.) and (1 — a) 
units of (SiCl,, H,). Then the partial pressures in the 
final mixture are, neglecting the reaction: 


(1 a) P* sie, 
a 


Inserting these expressions into [3] and [4] and 
maximizing with respect to “a” gives finally the 
maximum supersaturations which are possible: 


1 p* X 
K* (psi) ean p* ly 
0.53 ‘ D* X D* 
(Das) eqn 4K* 


The values of S,,,. for the different runs are con- 
tained in Fig. 9. 
Iron.—Similar considerations lead to 


l rect, X Pr 


K eau 


P**ner 


for the maximum possible supersaturation during 
the growth of iron crystals. The p*’s are the partial 
pressures in the equilibrium mixture entering the 
reaction chamber, p, is the partial pressure of the 
pure H, entering (which was always ~1 at.), and K 
is defined as 

K = 181 

Pre X 

The value of K x (py.)... was taken from (12, 13). 
In all experiments S,,,,, was equal to 1.12. 

One other set of values was obtained by conven- 
tional application of the Law of Mass Action. These 
are the final partial pressures p’ in the gas after com- 
plete equilibrium with the precipitated phase is 
achieved. The values of the p”’s for the various 
components are given in Fig. 9 for silicon and in 
Table II for iron. These values are a good approxi- 
mation for the partial pressures in contact with the 
growing crystals so long as the growth proceeds at 
low supersaturations. 


September 1959 


The following should be mentioned in connection 
with the third of the previously mentioned processes, 
the precipitation on the growing face of the crystals. 
From kinetic gas theory one can obtain the number 
Z of impacts per unit area of a surface per second: 


Z = [9] 


(22 mkT)*” 
where p is the partial pressure of the gas. If one as- 
sumes every impinging atom sticks at the place it 
hits, the rate of linear growth would be 
Zm 


r= — (p = density) [10] 
The maximum possible growth rate obtained at the 
maximum supersaturation, r,,,. (calc), is given in 
Fig. 9 and in Table II and is compared with a rough 
estimate of the growth rate r.,, obtained from some 
experiments simply by dividing the length of the 
longest whiskers by the time the experiment lasted. 
This assumes that the whiskers have grown at a con- 
stant rate throughout the experiment and r.,,, is 
therefore an estimate of the lower limit of the maxi- 
mum growth rates in these experiments. Although 
Tmax in several cases is larger than r.,,, runs XIII and 
XIV for silicon and the experiments with iron show 
clearly that one cannot explain the growth of the 
whiskers simply by the direct attachment of the im- 
pinging atoms at the growing face. One has to take 
into account a surface diffusion process similar to 
that proposed by Volmer and Estermann (17). 


Discussion of Results 

A comparison of the experimental range of the 
values of the variables which could be critical to the 
form of growth of the Si crystals is made in Fig. 9 
for the two observed growth forms. It should be 
mentioned that the ends of the lines are not neces- 
sarily the actual limits for the occurrence of one or 
the other type of growth; they give only the range 
which these variables covered in the performed ex- 
periments. The final partial pressure of SiCl, was 

°-45x10° (22.8x10") at. for all cases where 
whiskers grew and = 1.7x 10° (=3.8x 10") for all 
other experiments. The limits for the case that H, 
should take part in the reaction are added in paren- 
thesis; then the partial pressures of HCI do also not 
overlap (they have the limits = 6.4x 10°, respec- 
tively, = 5.2 x 10° at.). All the other variables cover, 
for both growth forms, nearly the same range, or 
they overlap to a wide extent. This seems to indi- 
cate that the silicon tetrachloride (and/or hydrogen 
chloride) partial pressure has the main influence on 
the growth form of the Si crystals. 

A similar situation was found for the growth of 
iron crystals. While temperature, maximum super- 
saturation, and maximum possible growth rate are 
identical for all experiments, an increase of the final 
partial pressures of FeCl, (1.4 x 10° to 4.3 x 10° at.) 
and of HC] (0.05 to 0.11 at.) leads from practically 
no whisker growth to pronounced whisker growth. 
The small relative change in the final H, partial 
pressure (0.89 to 0.95 at.) would hardly cause the 
change in growth form. On the basis of the present 


ors. 

i 
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experiments it is not possible to decide whether a 
high FeCl, partial pressure or a high HCl partial 
pressure or the combination of both is necessary for 
whisker growth. 

The final partial pressures are a good approxima- 
tion for the actual partial pressures of these compo- 
nents in contact with the growing crystal as long as 
the growth proceeds at relatively low supersatura- 
tions. The latter is surely true for the growth of iron 
(S = 1.12). It can be shown that the statement that 
higher SiC], partial pressures are necessary to pro- 
duce whiskers than to produce equiaxed crystals still 
holds qualitatively, even if silicon grew at high 
supersaturations. 

The findings suggest the following growth mech- 
anism for silicon and iron whiskers: If the density 
of certain adsorbed species of molecules (SiClL, 
FeCl., or HCl) exceeds a critical value, a further 
growth of some crystallographic planes gets sup- 
pressed. These planes form the side faces of the 
whisker [(100) for iron, (112) or (110) for silicon]. 
The growing tip will usually consist of different 
kinds of planes and hence be able to attach new 
atom layers. The growth itself may proceed by a 
screw dislocation mechanism as suggested by Sears 
(11) for mercury whiskers, yet the possibility that 
each new atom layer starts with a surface nucleus 
could not be ruled out by an estimate of the super- 
saturation necessary for a high enough surface nu- 
cleation rate. 


GROWTH OF WHISKERS 815 


Manuscript received June 24, 1957. This pa 
prepared for delivery before the Washington 
May 12-16, 1957. 
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Electrolytic Production of Boron 
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ABSTRACT 


Elemental boron was produced by the fused salt electrolysis of potassium 
fluoborate. A study was made of anode and cathode materials of construction, 
particularly the effect of various grades of graphite as anode material. The 
effect of additives to the electrolyte (including potassium, aluminum, calcium, 
vanadium, nickel, Inconel, water, and sulfate ion) on boron yield and purity 
was investigated. A method of passivating elemental boron was developed. 


Isotopic boron-10 was produced under contract 
with the U. S. Atomic Energy Commission by the 
Hooker Chemical Corporation, using Commission- 
owned facilities at Model City, New York. The plant 
was divided into two phases: isotope enrichment and 
elemental boron production. 

The product of the isotope enrichment phase of 
the plant was a boron trifluoride-dimethyl ether 
complex. The designed capacity was 40 kg per month 
of boron-10. Because crystalline elemental boron was 
required and the isotopically enriched boron in the 
complex involved considerable cost of manufacture 
(over $500/lb), an efficient means of reducing the 
complex to the elemental form was sought. Fused 
salt electrolysis was investigated and ultimately em- 
ployed for this purpose. 

During the research and development stage and 
through the process improvement stage, a number of 


conclusions were reached and also a number of per- 
plexing questions manifested themselves. This paper 
reviews some of the conclusions and manifested 
questions believed to be significant. 

Basically, the process investigated was the fused 
salt electrolysis of potassium fluoborate and potas- 
sium chloride (1). Based on electrolyte analyses 
which disclosed the rate of KF production to be ap- 
proximately 7-8 times that of boron production on a 
weight basis and on effluent gas analysis which dis- 
closed an F, to Cl, weight ratio of approximately 3 to 
1, the over-all reaction may be expressed by the 
following equation. 


4KBF, + 2KCl— 4B + 6KF + 5F, + Cl. 


The electrode processes have not been resolved. 
The following factors affected cell design. Ele- 
mental fluorine and chlorine are produced at ap- 


1 
2 
3 
4 
5 
6 
pal 
8 
Mas 
10 
11 
‘ af 
12 
17 
re 
BE 
e 
; 
“Re 


816 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


proximately 800°C. The proportion of potassium 
fluoride in the melt increases during electrolysis. The 
boron product is removed in solid form because of its 
high melting point. 


General Description (2, 3) 

The cell, as finally designed, consisted of a 23 cm 
ID x 58 cm deep graphite anode crucible protected 
on the outside by Inconel or nickel. The crucible was 
heated by a circumferential electrical resistance 
heater. A Monel cathode was suspended in the potas- 
sium chloride, potassium fluoride, potassium fluo- 
borate melt. A reducing atmosphere was maintained 
above the melt level to avoid corrosion of the cath- 
ode. A current of 550 amp, equivalent to approxi- 
mately 80 amp/dm*, was used. To provide for peri- 
odic cleaning, the whole cell and furnace was 
mounted on trunnions to permit turning the cell to a 
horizontal position. 

Normal operation of the process involved the 
addition of 2.5 kg potassium fluoborate to the mol- 
ten (750°-800°C) electrolyte of 11.5 kg potassium 
chloride and potassium fluoride. After placement of 
the cathode, electrolysis at 550 amp and 5-6 v was 
effected for 34% hr. The cathode with adherent prod- 
uct was raised above the electrolyte level and pre- 
cooled to approximately 400°C by an internal flow 
of air. The cathode was then removed from the cell 
and quenched in water to effect rapid removal of the 
product from the cathode. Product was purified by 
water and acid leaching of the material after crush- 
ing operations. Final drying and packaging consum- 
mated the operation. 


Materials of Construction (2, 4) 

Since the purity of the boron would be dependent 
to a large extent on the materials of construction, 
this was selected as the subject of initial research 
work, 

Cathode material was selected from a list of non- 
ferrous metals which did not form borides readily. 
Further, the material had to retain strength at 
900°C. Selection narrowed down to copper. To mini- 
mize failure due to grain growth, the cathode was 
cooled internally with nitrogen or carbon dioxide to 
control its temperature at about 600°-700°C. The 
copper cathode was satisfactory except for an erratic 
life of from about 4 to 12 runs, after which it be- 
came porous. Subsequently it was found that a Monel 
cathode developed a protective coating of a very 
hard and adherent boride. The Monel cathodes did 
not require cooling and their life was increased to 
more than 20 runs. Monel was considered a satisfac- 
tory material of construction for the cathode. 

Since chlorine and fluorine were liberated at about 
800°C, graphite was the only suitable material for 
the anode. The anode material problem soon reduced 
itself to the selection of the most suitable grade of 
graphite (Table I). 

Note that fine graphite grain size materially im- 
proved the quality of boron product as did decreased 
porosity of the graphite. The comparatively coarse 
and porous are furnace electrode graphite spalled 
badly, rapidly contaminating the electrolyte. For the 
same grade, graphite yielded a slightly purer prod- 
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Table |. Effect of anode material 


Apparent Average % 
density, boron in 
Anode material Ash in % g/cc product 
Furnace electrode 
grade graphite 1.9 1.64 69 
Extruded high-pur- 
ity graphite 0.01 1.65 89 
Extruded high-den- 
sity and purity 0.1 1.70 91 
carbon 
Extruded high-den- 
sity and purity 0.04 1.72 94 
carbon 
Resin impregnated 
graphite 1.4 1.85 94 
Molded — very fine 
grained graphite 0.1 1.71 97 


uct than carbon in addition to the advantages of 
better electrical conductivity. The ash content of the 
graphite affected the purity of the boron product ad- 
versely. However, the effect due to ash content was 
secondary to the effect of density and grain size. 

The highest density, finest grained material ob- 
tainable at the time this research was in progress 
was National Carbon’s ATJ grade of graphite. This 
material yielded the highest purity product of all 
anode materials tested. However, this graphite was 
both expensive and not always in stock. When these 
factors exerted sufficient weight, a compromise was 
sought. High-purity stock graphite, such as Na- 
tional’s AUC or Great Lakes’ HPL-9, was machined 
to shape and then made essentially impervious by 
the Graph-I-Tite’ process. This treatmenj deposits 
graphite in the voids. The resultant product is most 
dense near the surface and progressively less dense 
toward the center. Initial use of the crucible was 
approximately comparable to National’s ATJ grade, 
but continued operation was not as satisfactory. This 
was due to corrosion of the surface of the graphite, 
thus exposing progressively less dense material. The 
Graph-I-Tite treated material was better than un- 
treated graphite but not as satisfactory as the high 
density, fine grained graphite, the choice thus be- 
coming one of economics and availability. 

Because external electrical heating was employed, 
a shell was used to protect the Nichrome wire from 
corrosive salts passing through the anode wall. Ini- 
tially this shell was made of nickel, which promptly 
developed cracks. However, after Virgo’ treatment 
(fused salt descaling treatment), nickel did not de- 
velop cracks and was most satisfactory. Here again 
the laws of supply and demand were felt and Inconel 
was substituted. This resulted in contamination of 
the boron with products of corrosion of the Inconel 
shell. Most of these contaminations, especially chro- 
mium, could be removed by acid leaching. Although 
more attention had to be paid to the boron purifica- 
tion steps when using Inconel, availability dictated 
its use. While conducting corrosion tests in molten 
electrolyte without an applied potential, it was noted 
that nickel, Inconel, and Hastalloy-B corroded ap- 


1 Graphite Specialties, Niagara Falls, N. Y. 


* Registered trade name, Hooker Chemical Corp. 
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Fig. |. Electrolytic cell for the production of boron: 1, cath- 
ode; 2, quickseal coupling; 3, gas inlet (Hz); 4, salt seal (KCI); 
5, cover section; 6, gas outlet; 7, graphite anode; 8, insulat- 
ing brick; 9, anode shell; 10, heating element; 11, insulating 
gaskets; 12, cell electrolyte; 13, purge fitting; 14, thermo- 
couple. 


preciably only at the liquid-air interface. Under 
comparable conditions, it was noted that nickel weld 
rod, ASTM code E3N11, was attacked only slightly. 


Cell Design Considerations (2, 3, 4) 


Initial laboratory work utilized a hydrogen at- 
mosphere in the cell to minimize oxidation of the 
graphite. When an inert gas, such as helium, was 
tried, the copper cathode was rapidly and severely 
attacked at the electrolyte surface. It soon became 
evident that chlorine and fluorine liberated in the 
cell at about 800°C attacked copper vigorously, but 
HCl and HF did not. The final cathode design is 
shown in Fig. 1. 

Provision was made in this design to concentrate 
the hydrogen flow at the cathode-electrolyte inter- 
face. This proved very effective and permitted satis- 
factory operation at about 1/3 prior hydrogen flow 
rates when a nondirected hydrogen flow was used. 
The cover was sealed by a powdered salt seal ring. 
This proved an effective and simple technique for 
control of the cell atmosphere as well as assuring 
that vent gases would be directed toward the ex- 
haust system. The lack of bolts assured against dam- 
age in case of hydrogen failure and a resultant ex- 
plosion due to air entering the cell. The balance of 
the structure provided for positioning the cathode 
above the melt or in the melt, internal cooling, and 
d-c circuitry. The most desirable temperature con- 
trol point was found to be in the annular space be- 
tween the graphite anode and its protective shell. 


Table II. Recommended operating details for the 
electrolytic production of boron 


Electrolyte: 


70% KCl, 12% KF, 17.8% KBF,, 
0.2% H,O 
750°-800°C 
80 amp/dm* 


Temperature: 
Current: 
Voltage: 5-6 v 

Power: 55 kwhr/kg 

Ampere efficiency: 74% 

Cell atmosphere: H, purge directed at electrolyte sur- 
face near cathode. Rate: 20 liters/ 
min at 550 amp 

Monel 

High-density, fine grained graphite 


Cathode: 
Anode: 


Operation (2, 4) 

Composition of the electrolyte had a significant 
effect on yield and/or purity of the boron product 
(Table II). The first run using a new charge of KCl 
invariably resulted in poor yield and purity of boron. 
If the KCI-KF weight ratio was permitted to de- 
crease below approximately 2.5-1, the boron yield 
decreased. The KCI-KF weight ratio therefore was 
maintained between 3-1 and 6-1 by partial removal 
of the electrolyte after a run and replenishing it with 
KCl. 

Purity of the elemental boron was impaired se- 
verely when commercial grade KCl was substituted 
for C.P. grade KCl. A knowledge of the constituent 
of commercial grade KCl responsible for degrading 
the boron product was considered desirable in order 
to effect improvement in purity of normal produc- 
tion. The seemingly obvious approach of determining 
the foreign material in the product did not yield a 
solution. Apparently the responsible material en- 
tered into side reactions which contaminated the 
boron product with carbon primarily. 

A major difference between technical and C.P. 
grade KCl is a tenfold difference in the sulfate ion. 
To ascertain if high sulfate would affect boron pu- 
rity adversely, 1% of K.SO, in KBF, was used. As 
shown in Table III, it had no apparent adverse effect 
on the yield or purity of the boron product. The op- 
portunity to explore the effects of bromine was not 
realized, although the effects of other possible con- 
taminants were investigated. 

This work was conducted in three different cells 
having different grades of graphite. The effect of an 
additive is thus evidenced by comparing per cent 
yield and per cent B with product obtained from the 
same cell without an additive. 

Calcium chloride affected the adherence of the 
product to the electrode causing the deposit to fall 
out. The purity appeared unaffected. The effect of 
calcium could be a valuable asset in the design of a 
continuous cell. Addition of vanadyl sulfate to the 
electrolyte resulted in decreased purity, apparent 
decreased yield, and erratic adherence of the product 
to the cathode. 4 

Aluminum fluoride monohydrate was added in one 
series of tests and found to yield a dense product of 
normal yield and purity. Elemental aluminum addi- 
tion resulted in a slightly higher purity and yield 
of a very dense product. 

The results of drying salts before addition to the 
melt had given inconclusive results which seemed 
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Table Ill. Effect of electrolyte additives 


Concentration 
in electrolyte 


Additive % by wt 
K,SO, 25 
CaCl, 100 


0.18 
0.72 


95.0 
93.0 


Vanady! sulfate 66.2 
AIF,-H,O 56 
Aluminum 14 
Water 25 
Nickel 38.8 
Inconel 39.2 


0.47 
0.40 
0.10 
0.18 
0.28 
0.28 


89.0 
94.7 
95.5 
95.8 
90.9 
88.7 


to indicate improved yield and purity in the absence 
of water. It was, therefore, a most surprising result 
when the addition of 1% water to the KBF, before 
charging resulted in a high density end product of 
improved yield and purity. This was probably due to 
a build-up of potassium oxide in the cell which re- 
duced a tendency toward anode effect, a phenomenon 
otherwise experienced in the cell at approximately 
600 amp. This effect of water addition was experi- 
enced by Kroll in his work on titanium (5). 

Noncathodic nickel or Inconel was severely at- 
tacked during electrolysis resulting in decreased cell 
performance. It clearly confirmed the adverse cell 
operation that resulted when the graphite anode 
crucible was porous, cracked, or corroded through. 

The first electrolytic run made on a new charge 
of KCl and KBF, resulted in a lower yield and pu- 
rity of product than the second run. By using a par- 
tial charge of KBF, and considering the first run as 
a pre-electrolysis, the yield and purity of subse- 
quent runs could be maintained at acceptable levels. 
Approximately 30 to 40 runs would be made before 
total discharge and recharge. The addition of a small 
quantity of elemental potassium to the pre-electrol- 
ysis electrolyte resulted in normal yields and purity 
of product. Such additions had no discernible effect 
on subsequent runs. The effect of pre-electrolysis and 
elemental potassium addition was probably to es- 
tablish the oxide content referred to under water 
addition. 


Table IV. Effect of drying conditions on purity of boron 


“> Boron in dried product 


With 
Batch air 
Drying conditions No. purge 


With 
oxygen 
purge 


With 
argon 
purge 


110°C, 24 hr, no agitation, 240 

atmospheric pressure 251 
213 
213 


97.0 
97.7 
96.4 
96.4 


96.3 

96.8 

94.8 

110°C, 1% hr, agitated, 18 95.5 
in. vacuum 

100°C, 2.5 hr, agitated, 29 
in. vacuum broke vac- 
uum @ 100°C 

100°C, 2.5 hr, agitated 29 
in. vacuum broke vac- 
uum @ 35°C 

100°C, 24 hr, no agitation, 
29 in. vacuum 

100°C, 24 hr, no agitation, 
atmospheric pressure 


293 95.3 


96.2 


Average % B 


Comparison 
without additive 


Average “ yield % boron % yield Cell No. 
81.5 
Fell off 
cathode 
48.0 
86.8 
83.5 
88.0 
73.3 


59.2 


94.7 
92.8 


75.5 
87.8 


94.7 
95.0 
94.7 
94.7 
94.7 
94.7 


75.5 
87.0 
75.5 
75.5 
75.5 
75.5 


Processing of Cell Product (6) 

The product from the electrolytic cell was essen- 
tially an agglomerate of boron crystals and electro- 
lyte. To free the boron of soluble impurities, the 
product was crushed in a rod mill to pass 100 mesh, 
leached with boiling water and finally boiling HCl. 
After due washing, rinsing with alcohol, and oven- 
drying, the product was packaged in polyethylene 
bags. It was found, when checking analyses for ship- 
ping, that the total boron analysis decreased 2-3% 
after several months’ storage. This was traced to 
boron acting as a getter, adsorbing gases from the 
air. By drying boron at 100°C in a vacuum oven with 
an oxygen purge and preferably with agitation for 
the minimum time needed to effect drying, the boron 
was passivated. The resultant purity was higher than 
when dried in an inert atmosphere purged oven 
(Table IV). 

Boron oxide wets elemental boron very well. The 
observed result of higher boron analysis when using 
an air or oxygen atmosphere is therefore attributed 
to a very thin protective film of boron oxide formed 
on the surface of the boron. 

The final product had a size specification of 100% 
through 100 mesh and 90% through 200 mesh. Ap- 
proximately 20° passed through 325 mesh and a 
trace was colloidal. X-ray diffraction demonstrated 
that the product was mostly crystalline with some 
scattering due to amorphous material or very fine 
particle size. When the less than 325 mesh fraction 
was removed, the remaining material was crystal- 
line. 

The purity of the final product was 94-96% boron. 
Principle impurities were carbon, nickel, chromium, 
silicon, magnesium, potassium, water, oxygen, and 
copper. 

Acknowledgment 

The author wishes to express his appreciation to 
the U.S. Atomic Energy Commission for permission 
to deliver this paper, the work discussed having been 
carried out under USAEC Contract No. AT-(30-1)- 
1524. 


Manuscript received March 23, 1959. This paper was 
prepared for delivery before the Philadelphia Meeting, 
May 3-7, 1959. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1960 JOURNAL. 
REFERENCES 


1. H. S. Cooper (To Walter M. Weil), U.S. Pat. 2,572,- 
248, Oct. 23, 1951. 


1 
4% 
mir 
‘ 
q 
j “ 
q 
> 


Vol. 106, No. 9 


ELECTROLYTIC PRODUCTION OF BORON 


2. G. T. Miller, U.S.A.E.C. Report NYO-1265, May 31, 4. G. T. Miller, U.S.A.E.C. Report HEC-89, May 7, 1958. 
1956. 5. W. J. Kroll, This Journal, 106, 8C (1959). 


3. G. T. Miller, U.S.A.E.C. Report HEC-79, April 22, 6. G. T. Miller, U.S.A.E.C. Report HEC-88, April 18, 
1957. 1958 


Overvoltage and Catalysis 
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Research Center, The Electric Storage Battery Company, Yardley, Pennsylvania 


ABSTRACT 


Analogies between heterogeneous catalysis on solid-gas interfaces and elec- 
trochemical kinetics on solid-liquid interfaces are discussed. The surface poten- 
tial of a solid-gas interface corresponds to the Galvani potential difference of 
a solid-liquid interface. These potentials depend to a first approximation 
linearly on the number of adsorbed potential-determining particles. A cor- 
responding linear variation adsorption energy is explained on the basis of 
electrostatic or induced interaction between adsorbed particles. This behavior 
is coherent with a logarithmic dependence of the number of adsorbed particles 
on the bulk concentration or pressure in the liquid or gaseous phase (Temkin 
isotherm) and a linear dependence of the activation energy of adsorption 
on the number of adsorbed particles (Becker-Zeldovich equation). It is shown 
that the Temkin isotherm corresponds to Nernst’s formula for electrode po- 
tentials and the Becker-Zeldovich equation to Volmer’s equation for the rate 
of electrochemical reactions, and that these equations follow immediately 
from the theory of charge-transfer adsorption or electrostatic interaction be- 
tween (activated) potential-determining species or complexes. This treatment 
leads to a new interpretation of the charge-transfer coefficient and of the in- 
fluence of the electronic properties of the electrode material and of specifically 
adsorbed foreign species on hydrogen overvoltage, oxygen overvoltage, and 


metal deposition overvoltage. 


The kinetics and thermodynamics of electrochem- 
ical phenomena at solid-liquid interfaces and of 
catalytic phenomena at solid-gas interfaces are 
closely related. It is the object of this paper to point 
out correspondences between the two fields and to 
derive the fundamental laws of electrochemical ther- 
modynamics and kinetics, in particular the Nernst 
equation and the Volmer-Tafel equation, from these 
considerations. 


Adsorption and Interaction 

The relation between the number of adsorbed 
species on a solid-gas or solid-liquid interface and 
bulk concentration (or pressure) of the adsorbable 
species is described by isotherms. The Langmuir iso- 
therm is derived on the assumption that adsorption 
occurs at fixed sites and that the energy of adsorp- 
tion is independent of the number of particles ad- 
sorbed. Fixed site adsorption is, however, unlikely 
for many reactions proceeding on electrodes and 
catalysts. The energy of adsorption usually decreases 
with increasing number of adsorbed particles. The 
Freundlich isotherm is therefore more likely to be 
obeyed since it allows for the latter effect. However, 
very few experimental results suggest a logarithmic 
decrease of the energy of adsorption with increasing 
number of adsorbed species, as derived from the 
Freundlich isotherm. Very often the energy of ad- 
sorption decreases nearly linearly with the number 
of adsorbed particles. Such a behavior is accounted 
for by the Temkin isotherm. The latter can be de- 
rived for intermediate ranges of coverage from a 


fixed site Langmuir-type isotherm by allowing for a 
linear variation in adsorption energy (1) and, more 
generally, for mobile adsorption as follows. 

Using Boltzmann statistics, the concentration n,* 
(number of particles per cm") of species i in the ad- 
sorption zone is given by 


n,* =n, exp [—(w,* — w,)/kT] [1] 


where n, is the corresponding concentration in the 
bulk, and w,* and w, are the energies of a particle i 
in the adsorption zone and in the bulk, respectively. 
Here, we assume the entropies of the (mobile) 
particle in the adsorption zone to be not much differ- 
ent from the entropy of the particle in the bulk. It is 
now important to consider that, because of the non- 
ideal behavior of the adsorbed particles, n,* and w,* 
are connected by an activity function. For such a 
function of exponential character (activity coeffi- 
cient varying exponentially with the concentration 
n,* in the adsorption zone), w,* becomes a linear 
function of n,* (2) and, neglecting the variation of 
the term linear in n,* compared with the variation of 
the term exponential in n,*, one obtains from [1] 


n.*=alnn,—b [2] 


where a and b are constants. Equation [2] is the 
Temkin isotherm. 

A linear decrease of adsorption energy with in- 
creasing number of adsorbed particles is widely ob- 
served. On the other hand, the surface potential 
solid-gas of the Galvani potential difference elec- 
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trode-electrolyte depend approximately linearly on 
the number of adsorbed particles n,*. Boudart (3) 
and Mignolet (4) have discussed the relation be- 
tween change in surface potential and change in en- 
ergy of adsorption for solid-gas interfaces. The ad- 
sorption energy was expressed in terms of a charge- 
transfer process, involving the excitation of an elec- 
tron of the conduction band into a vacant surface 
orbital provided by the adsorbed species and the sur- 
face. The energy difference w,* — w, becomes then 
a linear function of the surface potential or the Gal- 
vani-potential difference 

A(w,* — w,) = a2, e.A(d; — on) [3] 
where A(¢, — 4) is the change in surface potential 
or in Galvani potential difference, z,e, the charge of 
the adsorbed particle i, and a the so-called “struc- 
tural factor” (5). The latter is a characteristic frac- 
tion of the total Galvani potential difference. Ex- 
perimentally, Boudart finds for adsorption of hy- 
drogen on metals a ~ '%. 

It will be shown now that the value of a can be 
derived from classical electrostatic considerations in 
a surprisingly simple manner. One can apply the 
model of a flat-plate electric condenser. For electro- 
chemical interfaces, this model is particularly useful 
and the capacity of the electric double layer can be 
determined experimentally. The electrostatic energy 
content of a charged electric condenser is given by 


1 1 
U Vdq CVdv [4] 


where V is the voltage, q the charge, and C the ca- 
pacity. The energy content per particle with a charge 
Z,e, varies then with the voltage as follows 


A(Vz,e./q) = z,e,AV [5] 
This equation is identical to [3] since, by corre- 
spondence, A(Vz,e,/q) A(w,* —w,), and AV = 
A(¢, — 6). This means that a must be equal one- 
half’ as long as the adsorption capacity C, due to 
species i, is independent of voltage or charge. For a 
variable capacity, Eq. [4] must be integrated, taking 
into account this dependence which would lead to 
values of a different from one-half. 
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The interpretation of adsorption on the basis of 
charge transfer has gained wide acceptance in mod- 
ern work on catalysis (6,7). The concepts have been 
substantiated not only by measurements of changes 
in work function and contact potential but also by 
changes in electric resistance (8) and by changes in 
magnetic behavior (9) of thin solid films during the 
adsorption process. The surface potential or the Gal- 
vani potential difference depends generally on the 
competitive adsorption of a variety of different spe- 
cies 1, 2, 3—. However, adsorption is generally spe- 
cific enough to one particular species i such that, at 
least over limited regions, the variations in adsorp- 
tion of other species can be neglected. In considering 
adsorption of the species i on a surface modified by 
the presence of other species 1, 2, 3— i, the surface 
potential or the Galvani potential difference, as 
modified by the presence of these other species, de- 
termines according to [3] the adsorption energy of i. 

For a bare metal surface against vacuum the elec- 
tron concentration in the metal is the main param- 
eter characterizing the surface potential barrier. The 
relation between surface potential and electron con- 
centration becomes evident from Fig. 1. Here, the 
electrostatic energy of the double layer on a surface 
against vacuum is plotted against electron concen- 
tration.’ The surface potential (dipole term) is only 
a relatively small fraction of the total work function 
(10). Therefore, the work function plays a direct 
part in the determination of surface potentials and 
Galvani potential differences only insofar as the di- 
pole term is concerned. However, the dipole term is 
often a more or less fixed fraction of the total work 
function. 

It has been shown (11) that the energy of cohesion 
of metals is related to the electron concentration. 
For alkali metals the energy of sublimation is pro- 
portional to p** where p is the free electron concen- 
tration. The surface energy is also a function of the 
electron concentration. According to Breger and 
Zhukhovitskii (12) the surface energy can be cal- 
culated by 

o = (3p/7)** (rh*/128m) [6] 


where h is Planck’s constant and m the electronic 
mass. A recent review on atomic theories of surface 
energy has been given by Ewald and Juretschke 
(13). It is known that particularly for solids of the 
same crystallographic type the surface energy is a 
fixed fraction of the cohesion energy or heat of sub- 
limation. Since surface potential, cohesion energy, 
and surface energy are functions of the electron con- 
centration, relations to other quantities depending on 
electron concentration, e. g., lattice constants, com- 
pressibilities, electronic work function (14), are to 
be expected. For alkali metals one finds, e.g., 


_3 7 
[7] 


where L is the sublimation energy and ¢ is the work 
function (11). 


Adsorption energies at zero coverage, calculated 
on the basis of a charge transfer model, are equally 


' Data obtained from R. Stratton, Phil. Mag., 44, 1236 (1957). 
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related to the electronic properties of the metal. For 
an ionic bond (and electron transfer from the ad- 
sorbed particle to the surface) one has used 


—(w,* —w,) =¢—1+ e,?/4K,r [8] 


where I is the ionization energy, r the image force 
distance (15), and K, is the Coulomb’s Law constant 
= 4me, where e, is 8.854 x 10°“ amp sec volt” m™. For 
formation of a negative ion the signs of ¢ and I re- 
verse. Electronic work function and image force 
distance depend on electron concentration. Adsorp- 
tion has also been interpreted successfully strictly on 
the basis of image forces for electrons and protons 
of adsorbed species for apparent covalent surface 
bonds (16). The parameter determining the energy 
of adsorption is then the distance r between the ad- 
sorbed particle and the surface mirror plane. For 
hydrogen atoms on metals, the following equation 
has been derived 


—(w,* — w,) = e,/4K.r) (1 + qa,*/2r’) [9] 


where a, is the Bohr radius. The distance r will vary 
with lattice parameter and electron concentration. 
For covalent bonds the Pauling formula has been 
used 


1 1 
—(w,* —w,) = + A) 


+ 23.06(Xy,— X.)* [10] 


to calculate adsorption energies (17) at zero cover- 
age. Instead of conventional (chemical) electronega- 
tivities, the bond moments of the adsorption bonds 
must be used. The bond moments depend on electron 
concentration and work function. Stevenson (18) 
has suggested that X, = 0.355¢ could be used in Eq. 
[10], whereas, according to Gordy and Thomas (19), 
the true (chemical) Pauling electronegativities are 
related to the work function as follows: X, = 0.44¢ 
— 0.15. Heats of adsorption can be calculated for any 
type of bonding from the charge-transfer complex 
theory as developed by Mulliken (19-21). 

As pointed out, Eqs. [8], [9], and [10] refer to the 
energy of adsorption at zero coverage. The variation 
of adsorption energy with coverage is due to inter- 
action between adsorbed particles and can, in many 
cases, be described by Eqs. [3] and [5]. 

Rate equations describing the kinetics of hetero- 
geneous reactions have hitherto been formulated 
often without taking into account the activity of 
intermediate species or activated complexes. How- 
ever, Horiuti has pointed out that this is incorrect 
(2). It has been shown above how electrostatic in- 
teraction leads to a linear variation of adsorption 
energy with coverage. 

If adsorption energies vary linearly with the num- 
ber of adsorbed particles, a similar behavior might 
be expected for activation energies of adsorption 
(22). Activated complexes formed at interfaces must 
in fact be considered as adsorbed species. Hereby it 
is basically immaterial whether the energy level of 
the species in the adsorbed “activated” state is 
higher or lower than in the bulk (23). Activation en- 
ergies of adsorption are (negative) adsorption ener- 
gies of the activated complex. The activation energy 
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changes then according to [3] linearly with the 
number of adsorbed “activated” complexes. There- 
fore the rate of adsorption depends exponentially on 
the number of adsorbed particles. Such a behavior 
is indeed widely observed and has been described by 
Becker (24) and Zeldovich (25) in the form 


dé/dt = a(1 — 6) exp (— bé) [11] 


The variation introduced by the factor 1 — @ is to be 
neglected in comparison with the variation intro- 
duced by the exponential term. For mobile adsorp- 
tion 1 — @ loses much of its meaning anyway. 

We shall now derive the Volmer-Tafel equation 
for electrochemical reactions from the theory out- 
lined above. The energy difference between a point 
at the critical distance X* from the electrode inter- 
face, in the region of the activated complex where 
the electron transfer takes place, is composed of a 
constant “chemical” term and a variable electric 
term, respectively. According to [3] and [5] w,* — 
w, is a linear function of the Galvani potential dif- 
ference 


w,* — w, = aZ,e, — Gun) +e* —e [12] 


where «* — « is the “chemical part” of the activation 
or adsorption energy. The A(¢,; — ¢,,) must be meas- 
ured with reference to the Galvani potential differ- 
ence (¢, — ¢1)., corresponding to the point where n,* 
becomes zero. At this point the charge of the double 
layer is due to the foreign inert species only. The 
current of the electrochemical reaction is simply 
proportional to the number of activated complexes 
n,*, and using [1] and [12] one obtains 


i= vpZ,e,n,*8 = vZ,e,5n, exp [—aZ,e,(d: — ou) /kT] 
- exp {[aZ,.e,.(¢: — ou). — (e* —e)]/kT} [13] 


where » is a frequency factor and 6 the thickness of 
the reaction zone. The exponential dependence of 
current on voltage described by [18] is the Volmer 
equation. Over the regions where the charge of the 
electrode double layer varies predominantly due 
to accumulation of reacting species and where 
remains constant, (¢;—¢:) is a linear 
function of the charge of the double layer condenser 
due to n,*. This illustrates the analogy between the 
Becker-Zelovich equation [11] and the Volmer 
equation [13]. Both rate expressions contain a term 
exponentially dependent on the number of adsorbed 
particles n,*. 

The “transfer coefficient” or ‘“‘structural factor” a 
can be determined experimentally from the slope of 
a Tafel-plot. The model from which a has been de- 
rived here is different from the one of Volmer (26), 
who considered the transport of a charge halfway 
through an electric field without taking into account 
the interaction with, or energy increase of the other 
charges of the double layer condenser. The present 
derivation of the current-voltage relation is more 
satisfactory. 

In order to define an electrochemical equilibrium, 
at least two (independent) electrode reactions must 
proceed at an electrode. The two reactions are to 
produce electrochemical currents in opposite direc- 
tion at equal rates. If the final products of one reac- 
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tion are not identical with the initial reactants of the 
other reaction, a “mixed electrode potential” is 
established (27). A true equilibrium is observed 
when the products of the forward reaction are equal 
to the reactants of the backward reaction. If for the 
product 1 and the reactant 2 a rate equation of type 
[13] is valid, one derives for equilibrium (i, = — 1.) 
the Nernst equation. Since (¢, — ¢,,) is a linear func- 
tion of n,*, the Nernst equation has the form of the 
Temkin isotherm [2]. 

The general rate equations for heterogeneous re- 
actions contain the Galvani potential difference ¢, — 
¢,. It is pointed out here that they can also be for- 
mulated in a similar manner using the experimentally 
measurable Volta potential differences. Galvani po- 
tential differences and surface potentials of con- 
densed phases against vacuum are not measurable 
but could be calculated in principle on the basis of 
a sufficiently detailed knowledge of the configuration 
of the nuclei and electrons in the interior and sur- 
faces of the phases (28, 29). The surface potentials 
are obtained semi-empirically by comparing the 
chemical potential », of a charged species i in the 
bulk of the phase with the experimentally measur- 
able real potential (negative work function) of this 
species. The surface dipole term is usually a small 
fraction of the total negative work function and is 
not appreciably altered by electrostatic surface- 
charge (10). The surface potential of a condensed 
phase against vacuum or a gas phase and the Gal- 
vani potential difference for this interface have the 
same physical meaning since a gas phase or vacuum 
has a zero surface potential. The experimentally 
measurable Volta potential differences are the result 
of electrostatic excess charges. They can be induced 
by changes in surface potentials (30-33). 

It has sometimes been assumed that the electro- 
chemical interface is composed of several different 
double layers. However, it seems that electrostatic 
interaction (or overlap) is so strong that it is better 
to consider only one over-all dipole barrier. Also, the 
Galvani potential difference has been split into a 
dipole term and an ionic term. However, it is difficult 
to differentiate these two terms since dipoles can be 
treated as two separate charges. Furthermore the 
dipole term should be dependent on the ionic term 
since dipole adsorption and polarization change with 
field strength. It is preferred here not to make this 
differentiation. 


Potentials of Zero Charge 

Potentials of “zero charge,” corresponding to a 
state of maximum interfacial energy and/or a mini- 
mum in electrode double layer capacity (37) are of 
importance for the interpretation of the term 
(4; — dy), in the rate equation. The electrode poten- 
tial at which the charge on the electrode is virtually 
zero has been determined experimentally for condi- 
tions where electron transfer can take place more or 
less completely (ideal reversible electrode) or is 
practically impossible (ideal polarized electrode). 
There is conclusive experimental data that the po- 
tential of zero charge is different for the two 


cases (38). 


September 1959 


The electrode potential of ideal polarized elec- 
trodes is determined by the externally applied volt- 
age like the tension of a metal-dielectric type con- 
denser. Differences in zero-charge potentials of vari- 
ous electrode metals are to a large extent accounted 
for by differences in work functions (39,40) and de- 
pend therefore on the particular crystalline face ex- 
posed (41). A strict linearity between zero charge 
potentials and work functions could be expected 
if adsorption of species at the interface would be 
purely “electrostatic” in nature (42, 43). 

The electrode potential of ideal reversible elec- 
trodes is determined thermodynamically by the bulk 
concentrations of potential-determining species. At 
the potential of zero charge the concentrations are 
adjusted such that adsorption of negative and posi- 
tive ions is balanced to produce a maximum inter- 
facial energy. Some experimental evidence has been 
accumulated (38,40) showing that potentials of zero 
charge of ideal reversible electrodes tend to be inde- 
pendent of the electrode material. This would mean 
that the electrochemical interface behaves analog to 
a contact metal-metal. For redox potentials where 
the emf is (theoretically) independent of the nature 
of the inert electrode, the state of zero charge would 
be maintained when the inert electrode is exchanged 
for some other metal. For a metal electrode in a solu- 
tion of its own ions, a different ion concentration 
must be provided for each metal to produce the state 
of zero charge. 

Although the difference in zero charge potentials 
between polarized and reversible electrodes is due 
to different adsorption characteristics between “spe- 
cifically adsorbed” and “inert” species, the physical 
nature of the state of zero charge is the same in both 
instances, namely, a state of maximum surface en- 
ergy. Differences in zero charge potentials are re- 
lated to differences in the closest approach of the 
various species to the electrode surface. Potential 
determining or “specifically adsorbed” ions generally 
can approach the electrode more closely than “inert” 
ions. The influence of the nature of the species in the 
electrolyte and their adsorbability is particularly 
well demonstrated by the pH-dependence of zero- 
charge potentials (44). Electrodes which adsorb hy- 
drogen and establish reversible hydrogen potentials 
show a variation of zero charge potentials with pH. 
This shows that potential-determining ions are spe- 
cifically adsorbed. 

It should be pointed out that, in analogy to metal- 
gas interfaces, some sort of strong adsorption forces 
must always be expected on electrode surfaces. An 
independence of zero charge potentials of the elec- 
trolyte often simply means that the species of the 
solvent (H’ ions or OH ions or water dipoles) are 
adsorbed rather than the solute. There is no clear- 
cut distinction between the two types of zero charge 
electrodes. The differentiation is in fact one of de- 
gree. The process of strong adsorption generally can 
be considered as an electrode reaction, forming a sur- 
face product. The particles taking part in this reac- 
tion must be considered as specifically adsorbed, and 
the electrode potential varies then approximately 
logarithmically (according to a Temkin isotherm) 
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with the bulk concentration of these particles 
(45, 46). 


Application to Problems in Electrode Kinetics 
In recent discussions on the mechanism of hydro- 
gen evolution a distinction has been made (47-52) 
between the so-called Volmer-Tafel (discharge-re- 
combination) mechanism 


2H'(aq) + 2e > 2H(ads) 
H(ads) + H(ads) > H, 


and the so-called Volmer-Horiuti (ion-atom reac- 
tion) 
H'(aq) + e > H(ads) 


H(ads) + H'(aq) + e- H., 


Without specifying the actual configuration and en- 
ergetic state of the particular activated complex in- 
volved and experimental evidence thereof, these 
formulations are of little help. Any number of other 
theoretical reaction routes, like for instance (53) 


2H'(aq) + 2H(ads) + 2e > 2H, 
2H(ads) 


(which does not require the Volmer discharge step) 
can be postulated. On the basis of the model devel- 
oped earlier in this paper the differentiation is un- 
necessary. The electric double layer contains, on the 
solution side of the interface, protons in various en- 
ergetic states corresponding to various stages of dis- 
charge, which means that their positive charge is 
shielded to various degrees by overlapping electrons 
and by negative ions. These adsorbed protons are 
mobile, like most species in electrochemical double 
layers. The adsorption follows a Temkin-isotherm 
and the adsorption (or activation) energy will vary 
linearly with the number of adsorbed protons. For 
an approaching proton the surface then looks ener- 
getically uniform, and each proton has statistically 
the same chance to follow the easiest reaction path, 
which is simply a charging of the double layer con- 
denser. Because of electrostatic interaction there will 
be no “bare” spots on the surface. The introduction 
of the degree of coverage @ or the fraction of free 
surface 1—@ as a concentration term in the rate 
equation does not have much meaning. According to 
the outlined model there is no saturation coverage 
and the Galvani potential difference keeps increasing 
more or less linearly (as long as the adsorption ca- 
pacity is constant) with the number of adsorbed po- 
tential-determining ions. This is the reason why the 
linear relation between logarithm of current and 
potential prevails to very high rates and why gen- 
erally no limiting value is reached (54). The metal 
electrons of the surface are able to be transferred 
to particles on the solution side over relatively large 
distances, e.g., during electrochemical reduction of 
azobenzene on a smooth liquid mercury electrode 
(55), due to the high electric field at the interface. 
Recombination of “discharged” protons can occur at 
various distances as far from the interface as the 
electron waves can reach (56,57). The critical dis- 
tance X* from the interface where electron transfer 
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takes place may be smaller statistically on one metal 
than on another. The discharge probability is simply 
proportional to the number of protons in the double 
layer. 


At this point mention should be made of the 
stoichiometric numbers »,, introduced by Horiuti 
(58,59) and commonly defined as number of times 
the postulated rate-determining step is repeated 
when the over-all reaction, as represented by the 
stoichiometric equation, occurs once. In the formu- 
lation of Parsons (60) the over-all process requires 
the formation and decomposition of », activated com- 
plexes. Makrides showed from considerations of re- 
action rates at states close to equilibrium that stoi- 
chiometric numbers can take any positive value and 
are usually equal to the ratio of two small integers 
(61). If, on the basis of the outlined theory, the ac- 
tivated complex for the hydrogen evolution reac- 
tion is assumed to consist of one excited proton only 
and an electron in the metal, the concentration of ac- 
tivated complexes is immediately given by [1] and 
[12] and the current-voltage relation by [13]. If the 
activated complex is considered to consist of two 
excited protons and two electrons in the metal, one 
obtains formally the same result since the protons 
must share the activation energy in equal parts, 
which can be described alternatively by electrostatic 
interaction or by the existence of strong resonance 
between the protons, or by the formation of hydro- 
gen molecule ions. In this manner stoichiometric 
numbers do not enter the considerations, which is 
fortunate as can be seen from the recent controversy 
betwen Horiuti and Bockris (62, 63). From this point 
of view, the present theory is able to unify various 
overvoltage theories advanced previously, based on 
hypothetical existence of atomic hydrogen (64,65), 
protons (26), and hydrogen molecule ions (66). The 
fact that deposition of atomic hydrogen into palla- 
dium metal lattice requires a considerable overvolt- 
age would at first suggest that the activated complex 
consists of single protons rather than molecules. 
However, on the basis of the present theory strong 
interaction between adsorbed protons must be pres- 
ent, and with the condenser model all the particles in 
the interface must actually be included in the acti- 
vated complex. The interaction between adsorbed 
particles in the double layer gives also an explana- 
tion of the experimentally observed separation fac- 
tors (67). 


It has been shown above that the transfer coeffi- 


cient a assumes preferably the value a 


1 
= —. Care- 
2 


ful experimental work by Schuldiner (68) on noble 
metals and noble metal alloys yielded values of a 
larger than one, or Tafel slopes smaller than 0.058 v 
at overvoltages below 100 mv. The apparent slope of 
0.029 has been explained by the recombination 
theory of Tafel; however, this explanation is not 
satisfactory. One must also consider that noble met- 
als have high exchange currents and the backward 
reaction is of strong influence at low overvoltages. 
Knorr and co-workers (69) have recently shown 
that overvoltages below 100 mv on noble metals are 
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due mainly to diffusion overvoltage of molecular hy- 
drogen. 


Bockris and co-workers have developed what they 
termed “diagnostic criteria” to determine the “rate- 
controlling step” in hydrogen evolution (70). In de- 
riving their theoretical Tafel slopes they have used 


1 
a 3 throughout. However, as shown in Eq. [13] 


a assumes this value only under the special condition 
that (¢, — d,,), is constant. The variation in Galvani 
potential is then due to accumulation of protons only, 
and the adsorption capacity a constant. The results of 
the “diagnostic analysis” do not seem to be unambig- 
uous either since on Ni, e.g., electrochemical desorp- 
tion (71), slow discharge (47) and electrochemical 
desorption (50) have been named rate determining. 
The lattice heterogeneity of the electrode surface is 
not accounted for in the present theory. There are 
some indications that this heterogeneity is not of pri- 
mary importance. This is also brought out by MO 
calculations for adsorption bonds at zero coverage on 
linear atomic chain models (72). 

Some theories have been advanced about electro- 
chemical reduction of water instead of hydrated pro- 
tons. Usually, it has not been considered that the dis- 
sociation equilibrium of water is established with a 
rate constant of 10° sec’ and protons are continually 
produced by this preceding reaction (55,73). The 
field effect at the interface can even enhance this re- 
action rate. 

Temkin and Frumkin (74) have suggested that 
because of the apparent independence of the preex- 
ponential factor A in the equation i A exp 
(—E/RT) from the nature of the metal (75), one 
should expect approximately equal values of the ac- 
tivation energy E for equal current rates i. Generally 
one should expect a dependence of the frequency fac- 
tor on the activation energy (76). 

In comparing overvoltages of different metals it is 
necessary to keep the composiiton of the electrolyte 
the same. This has been taken into account in the 
work by Rietschi and Delahay (77) but has not been 
considered by others (74). Adsorption of anions de- 
creases overvoltage in the sequence SO,” < Cl < Br 

I (43). According to [13] the terms e* — « and 
az,e,(d; — d), determine the influence of the elec- 
trode material on overvoltage since n,* and A(¢; — ¢1:) 
are constant for a given current. The first term is a 
measure for the covalent adsorption energy, which 
can be calculated with [10], omitting electronega- 
tivities. Experimental support for a linear relation 
between covalent adsorption energy and overvolt- 
age has been found (77). 

With respect to this conclusion, the present theory 
gives the same result as considerations of potential 
energy surfaces according to Horiuti and Polanyi 
(78). Riietschi and Delahay used equation [10] with- 
out electronegativities to calculate «* — « which is, 
according to the above argument, the correct pro- 
cedure. Energetic terms due to polarity of the M-H 
bond are taken care of by the Galvani potential dif- 
ference. Bond moments of M-H bonds are anyway 


September 1959 


quite small. Using bond moments, the last term in 
Eq. [10] becomes 23.06 ,’. 

Eyring and co-workers (81) have used the value 
p» = 0.46 for the M-H bond, derived from contact po- 
tential measurements by Bosworth (82) for tung- 
sten. However, Mignolet (83) has shown that Bos- 
worth’s value is too high. On the basis of Mignolet’s 
results one obtains » = 0.212 for the tungsten-hydro- 
gen bond and » = 0.183 for the nickel-hydrogen 
bond. The moment for the copper-hydrogen bond is 
even smaller (84). These values show that the con- 
tribution of the last term in [10] must be quite 
small, in the order of one kilocalorie or so. This is 
the reason why adsorption energies calculated with- 
out considering the dipole term agree surprisingly 
well with experimental results. According to [13] 
hydrogen overvoltage should generally decrease 
linearly with covalent adsorption energies «* — 
which is in qualitative agreement with Bonhoeffer’s 
experiments (85). The decrease of overvoltage with 
adsorption energy has recently been derived in a 
similar manner by Krishtalik (86). It must however 
be pointed out that exceptions to this rule might be 
found, since «* — e can contain other terms, e.g., ad- 
sorption energies for water. 

Various attempts have been made recently to ex- 
plain an apparent maximum in the curve of over- 
voltage vs. adsorption energy (50-52), since it had 
been observed that metals like Mo, Ta, W, Zr, with 
very high adsorption energies for hydrogen show 
relatively high values of hydrogen overvoltage. It 
should be pointed out here that these metals also 
have an extremely high adsorption energy for other 
species than hydrogen, e.g., oxygen (and oxygen in 
water dipoles), and that the experimental hydrogen 
overvoltage values necessarily refer to somehow oxi- 
dized or hydrated surfaces. It is known that cathodic 
polarization of these metals does not remove the 
oxide layers completely, which also is related to the 
fact that these metals cannot be plated out from 
aqueous solutions. It is pointed out here that hydro- 
gen overvoltage depends not only on the adsorption 
energy of hydrogen but also on the adsorption char- 
acteristics of foreign, inert species, e.g., anions. The 
influence of the adsorption of foreign inert species 
which do not take part in the electrode reaction is 
expressed in [13] by the term (¢,; — ¢;,),. This term 
is related to the zero charge potentials and electronic 
work functions. 

Since covalent adsorption energies increase ac- 
cording to [10] with the strength of the metallic 
bond (cohesion energy or sublimation energy) one 
deduces from [7] a qualitative relation between ad- 
sorption energy and electronic work function. On the 
basis of these considerations Riietschi and Delahay 
have explained for the first time the dependence of 
overvoltage on work function (87), observed em- 
pirically by Bockris (47). From equations [6] to 
[10] it follows that overvoltage can be related to 
various other electronic properties of the electrode 
metal, in particular electron concentration, surface 
energy (88,89), interatomic distances (90), com- 
pressibility (91), cohesion energy (92), melting 
point (93), and others. 
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Bockris and Potter (47) had explained the de- 
pendence of overvoltage on work function from the 
fact that the Galvani potential difference of the con- 
tact interface between the metal of the reference 
electrode and the metal of the electrode under in- 
vestigation changes with the electronic work func- 
tion of this metal. These authors, and similarly 
Lorents (91), have not considered that the Galvani 
potential difference electrode-electrolyte of the re- 
versible hydrogen electrode also changes, in the op- 
posite direction, with the work function of the elec- 
trode metal, which becomes apparent from the fact 
that the (theoretical) hydrogen electrode potential, 
as measured against a reference electrode, does not 
depend on the nature of the electrode metal. 

Recently, Conway and Bockris (50) have adopted 
the use of Eqs. [7] and [10] in explaining the rela- 
tion between electronic work function, adsorption 
energy, and overvoltage according to Riietschi and 
Delahay. However, Conway and Bockris used polar 
instead of covalent adsorption energies for «* —e«. 
Moreover, they used chemical (Pauling) electro- 
negativities for single atoms as given by Gordy and 
Thomas (94). The present theory shows that the 
use of large terms of this sort is incorrect, since e* — « 
is a covalent, chemical term. Any bond moment 
terms are taken care of energetically by the Galvani 
potential difference. The present theory is able to 
account for the influence of specifically adsorbed 
foreign species, in particular anions, on overvoltage 
by the term (4; — 

Progress in this direction has been made previ- 
ously by Frumkin, Iofa, Kabanov, and others (54). 
The considerations have in general been limited to 
the diffuse part of the double layer (95), whereby 
the electric work involved, to transfer a hydrogen 
ion from the bulk to the outer Helmholtz plane, was 
separated out. However, electrochemical reactions 
always involve “specific” adsorption and often high 
electrolyte concentration, and the diffuse part of the 
double layer (in which the potential depends loga- 
rithmically on the charge) is less important than the 
compact part. The introduction of the adsorption po- 
tential of the outer Helmholtz plane also tends to 
obscure the pH-dependence of overvoltage. Accord- 
ing to Frumkin the overvoltage-current relation can 
be expressed by (54) 


n = a+ (2RT/F) Ini + — (RT/F) In 


if one uses a 


1 
Since = (RT/F) In H’ + con- 


stant, one would derive a relative independence of » 
on pH, which is not supported experimentally. 
Therefore, it is preferred to use the simple condenser 
model, which accounts for electrostatic interaction of 
adsorbed protons. 

The slow variation of overvoltage with time dur- 
ing prolonged polarization can be explained by 
changes in the electrode surface area and by dis- 
solution of hydrogen in the metal. With some metals, 
embrittlement becomes apparent under these condi- 
tions. The penetration of atomic hydrogen into the 
metal lattice changes the electronic configuration, 
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the electron concentration (96), and the covalent ad- 
sorption energy. These changes should be taken into 
account in the interpretation of experiments with 
bipolar hydrogen diffusion electrodes (97). 

It is easy to derive on the basis of the present 
theory the general laws for build-up and decay of 
overvoltage. Since at high polarization the electrode 
potential is simply proportional to the number of ad- 
sorbed potential determining species, overvoltage 
should increase linearly with time under constant 
current conditions. This is generally observed. On 
the other hand, overvoltage should decay, after in- 
terruption of the polarizing current, logarithmically 
with time since one derives from [13] 


n,* dn,*/dt ~ d(¢, dou) /dt ~ 
exp [—az,e,(¢: — du) /kT] 


The slope of the voltage-log time curve must ap- 
proximate the (negative) Tafel slope of the voltage- 
log current plot. It is interesting to note that in 1928 
Baars formulated the desorption of hydrogen from 
electrodes analog to the Becker-Zeldovich equation 
[11]. This early work of Baars (98) is in complete 
agreement with the present theory. 

The presence of the activated adsorbed species at 
electrode interfaces becomes evident from many ex- 
perimental observations. The rate of decay and 
build-up of overvoltage proves the adsorption ca- 
pacities involved are usually much larger than nor- 
mally observed for a double layer with inert or non- 
specifically adsorbed particles. If the polarizing cur- 
rent is reversed for a very short period of time and 
the electrode potential forced down rapidly toward 
the open-circuit potential and then cut off, the over- 
voltage recovers considerably before the electrode 
potential falls slowly to the open-circuit value. For 
very large surface-area porous electrodes, as used 
in storage batteries, the amount of gas evolved after 
interruption of current can actually be measured, 
and it can be shown that the voltage decreases line- 
arly with the amount of desorbed gas (99), which is 
a direct support for the condenser-theory. The pres- 
ence of activated species during metal deposition 
and dissolution has also been demonstrated by Ge- 
rischer (100) with potentiostatic techniques. Phe- 
nomena relating to adsorption and electrostatic in- 
teraction are particularly pronounced in oxygen 
overvoltage experiments on oxide electrodes (101). 


Manuscript received Sept. 17, 1958. This paper was 
prepared for delivery before the New York Meeting, 
April 27-May 1, 1958. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1960 JouRNAL. 
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On the Conductivity of Dispersions 


Robert E. De La Rue! and Charles W. Tobias 


Department of Chemical Engineering, University of California, Berkeley, California 


ABSTRACT 


Experiments on suspensions of glass beads in electrolytes indicate that 
Bruggemann’s approximation represents the dependence of effective conduct- 
ance on volume fraction very satisfactorily when the dispersed phase contains 
a broad range of particle sizes. Data on narrow size ranges fall in between 
values predicted by the Maxwell and Bruggemann equations. These findings are 
consistent with the physical assumptions implicit in both theoretical develop- 


ments. 


Presence of gas bubbles or solid dielectrics’ in 
electrolytes causes a drop in conductivity relative to 
the gas- or solid-free condition. Of major interest is 
the manner in which the effective conductance of 
the dispersion depends on the volume fraction of the 
nonconducting phase. In the present study emphasis 
is placed on particles of spherical shape occupying 
less than half the volume of the dispersion. Such 
dispersions occur frequently in industrial electro- 
lytic processes in which gas evolution takes place at 
one or both electrodes. 

According to Maxwell (1) the effective conduc- 
tivity K,. of random suspensions of spherical particles 
of uniform diameter and conductivity K, in a con- 
tinuous medium of conductivity K. is related to the 
volume fraction f of the dispersed phase as follows: 


K./K,—1 K./K,. —1 


K./K.+2 K./K.+2 


(1] 


If the conductivity of the dispersed phase K, = 0, 
Eq. [1] simplifies to: 


K,  1-f 
(2) 
2 


Rayleigh’s treatment (2) of dispersions of spheres 
of uniform diameter, where the particles occupy 
cubic lattice positions, leads to an expression identi- 
cal to Eq. [2] for the case where K, = 0, and f- 0. 

In the derivation by Maxwell the assumption has 
been made that the average distance between the 
particles of the discontinuous phase is large enough 
so that the fields around individual particles are un- 
disturbed by the presence of the other particles. This 


1 Present address: Stanford Research Institute, Menlo Park, Calif. 


2 Particles exhibiting electronic conduction also may act as in- 
sulators, provided the potential gradient in the dispersion is such 
that the potential difference over a distance corresponding to the 
largest dimension of the particle in the direction of the field does 
not exceed the decomposition voltage of the system under consid- 
eration. 


condition is rigorously satisfied only as f > 0. In Fig. 
1 we have plotted the potential field around a spheri- 
cal nonconducting particle, when at large distances 
from the particle the potential » is a linear function 
of y only, where y is a vector pointing from left to 
right. In this case 


= —(S/r sin’ [3] 


where r, is the radius of the sphere, S=—K 
(dx/dy) a constant, r is the distance from the 
center of the sphere, @ is the angle between r and y, 
and K is the conductivity of the continuum. 

It is apparent from Fig. 1 that the disturbance in 
the linear field becomes very small at short distances 
from the sphere. Therefore, in moderately dilute 
dispersions Maxwell’s equation should be an excel- 
lent approximation. However, a concentration of 
f = 0.25 already corresponds to an average distance 
of 0.6 r, between spheres, and the interaction of fields 
around the spheres becomes significant. Equation [1] 
should then no longer represent the relation between 
volume fraction and conductivity with acceptable ac- 
curacy. 

Although, according to theory, Eqs. [1] and [2] 
are subject to limitations, in the past numerous 
workers have found that experimental data may be 


Fig. 1. Potential field around sphere, an insulator, placed in 
a homogeneous and isotropic conductor. Field is linear at 
great distances from sphere. 
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represented satisfactorily by use of these relations 
even in moderately concentrated dispersions. Elec- 
trical conductivity data obtained on various concen- 
trations of cream in milk were found by Fricke (3) 
to fit Eq. [2] within experimental error. Eucken (4) 
reported results of measurements involving the sys- 
tems water-benzene and water-phenol with KC] and 
KI, respectively, as solutes. Over the entire range 
of volume concentrations (0<f<1) agreement with 
Eq. [1] was reported. In a recent review on non- 
Newtonian fluids Metzner (5) refers to data by Orr 
and Dalla Valle (6) who measured thermal con- 
ductivities’ of metal shot dispersed in 2% agar gel. 
Agreement of the experimental data with Eq. [1] 
within 3° over a large range of volume concentra- 
tion was again claimed. 

Not all investigators found the agreement between 
the Maxwell-Rayleigh relations and their experi- 
mental data satisfactory. Slawinski (7, 8) conducted 
experimental investigations using enameled metal 
spheres of approximately 0.5 cm diameter in KCl 
solutions, in the range of 0.35< f< 0.6. His data 
fitted within 0.4% a curve corresponding to substan- 
tially lower effective conductances than would have 
been predictable by Eq. [2]. This curve corresponded 
to a relation developed from a physical model in 
which Slawinski evaluated the integral mean lengths 
and mean cross sections between spheres arranged in 
several different lattice orders 


K./K,=(1+ [4] 


where p = n-f**. Value of parameter n depends on 
the volume fraction range: 


0.806 
0.806 + 0.1333 f 
0.9046 


for 0.15 > f n 
for 0.15 < f < 0.6 n 
for 0.6 <f n 


Data presented by Slawinski for moderate and low 
volume concentration in random distributions were 
in far less satisfactory agreement with Eq. [4] than 
at high concentrations. Unfortunately Slawinski’s 
treatment does not take into account the funda- 
mental principles of the theory of potential, accord- 
ing to which the distribution of potential throughout 
the conducting medium satisfies the Laplace equa- 
tion. His equation also contains an adjustable param- 
eter in addition to the volume fraction of the dis- 
persed phase. 

More recently Mashovets (9) reported measure- 
ments of conductivities of dispersions of glass and 
hard rubber spheres in CuSO, solutions where the 
spheres were fixed in lattice positions. The effective 
conductances measured were lower than values pre- 
dictable from Maxwell's equation [2], and by least 
squares treatment of the data following equation 
was Obtained: K,/K, 1 — 1.78f + f*. Reliability of 
this equation may be questioned on grounds of lack 
of adequate description of experiments and failure 
to indicate reproducibility and confidence limits. It is 
also doubtful whether the few experimental points 
taken form an adequate basis for proposal of an 
empirical equation. Pearce (10) recently presented 


* Thermal and electrical conductivity of dispersions depend on 
volume fraction of dispersed phase in an identical manner. 
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experimental permittivity values obtained on oil- 
water emulsions. The data was in good agreement 
with values calculated by Bruggemann’s approxi- 
mation (11) (see Eq. [6] below). Conductivity 
measurements on two-dimensional array of metal 
and bakelite hemispheres submerged in tapwater 
yielded different results depending on whether the 
hemispheres occupied lattice positions, or were ar- 
ranged in a random manner. In the former case 
Pearce found agreement with Eq. [1], while for 
random arrangement the Bruggemann approxima- 
tion seemed to have given a better fit. The two-di- 
mensional model of random arrangement by Pearce, 
however, does not represent the three-dimensional 
case accurately enough to base meaningful conclu- 
sions on it. Further, Pearce’s data on random ar- 
rangement of spheres was taken only in the low 
volume concentration region (up to f = 0.12) where, 
judging from the few experimental points presented 
in his graphs, the experimental errors may have 
been comparable to the magnitudes of the possible 
deviations from Maxwell’s or Bruggemann’s equa- 
tions. A comparison of data by the various investi- 
gators reveals that the discrepancy between experi- 
mental findings is by no means negligible, reaching 
approximately 10% near f = 0.5. Such a large differ- 
ence in conductivity ratio values cannot be justified 
on the basis of inherent limitations in the type of 
measurement. Much rather, one is led to believe that 
some of the investigators may have taken less cau- 
tion in defining their systems and in the execution of 
their experiments than would have been necessary 
to establish firmly the functional relationship be- 
tween K,/K, and f. 

The present work was undertaken with the aim of 
obtaining data with sufficient confidence in its ac- 
curacy to permit the evaluation of the limitations of 
Maxwell’s equation [2] in the range 0 < f < 0.4. Fur- 
ther, by using a comparatively large range of 
sizes both in separate fractions and also mixed to- 
gether within one suspension, it was hoped that dif- 
ferences in conductance behavior between homo- 
geneous and mixed-size dispersions may be detected. 


Experimental 
Glass beads of excellent shape characteristics* 
were used in the experimental series on spherical 
nonconducting particles. The beads were separated 
into size fractions by air elutriation. The diameter 
range selected for study is given in Table I. Within 


‘Courtesy Central Research Department of the Minnesota Mining 
and Manufacturing Co. 


Table | 


Fraction Size 


49-77 
107-175 
175-210 
590-840 
3100-3400 
6100-6400 
VII —Equal volumes of I and VI mixed. 
VIII—Equal volumes of fractions I-VI mixed. 


* Braun-Knecht-Heimann Co., Catalog No. 13782. 
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each size range (I-VI) approximately 75% of the 
beads were within a range of 10% of the mean 
diameter (Fig. 2a). 

The sands’ were wet-sieved after washing with 
water and the electrolyte, and only the fraction pass- 
ing through sieve number 80 and remaining on 100 
was used (approximate size range: 0.15-0.175 mm) 
(Fig. 2b and 2c). 

Polystyrene cylinders® were cut from fibers of uni- 
form diameter (0.3 mm) to a length of 3 +0.3 mm 
(Fig. 2d). 

The specific gravity of the electrolyte was selected 
to be just slightly below that of the dispersed phase 
to prevent fast settling. Of the available alternatives, 
a near saturated solution of ZnBr. was selected as the 
continuous phase for the measurements with glass 
beads and sand. The saturated solution at 20°C has 
a specific gravity of 2.725 and a conductivity of 0.066 
ohm“ cm. The specific gravities of the glass beads 
and of the sand were approximately 2.50 and 2.60, 
respectively. The density of each size fraction was 
determined to within unit accuracy in the third 
decimal figure. For polystyrene cylinders 0.1N KCl 
solution was chosen as the continuous phase. 

Conductivity cell—Following preliminary work 
with conventional type cells, the main series of 


5 Death Valley Sand or Merck “Sea Sand.” 


*Dow Chemical Company. 


Fig. 2d. Polystyrene cylinders, diameter 0.3 mm, length 
3 mm. 


measurements were executed with a cylindrical cell 
(Fig. 3) consisting of two sections, each 234-in. long, 
which could be interconnected by removal of a cen- 
ter electrode. A 34-in. hole was drilled into Lucite 
blocks, providing the cylinder sections. Top and 
bottom electrodes were platinum, surface-welded 
onto % in. copper plates. Center electrode consisted 
of a 25 mil platinum plate attached at two sides to %& 
in. copper bars which served as guides. Sections of 
the cell were assembled using 1/16 in. Teflon gaskets, 
and the assembly was held together by bronze studs. 

The conventional-type Wheatstone bridge circuit 
employed in the measurements is illustrated in Fig. 
4. 

Procedure.—Before each series of measurements 
the cell was filled with the electrolyte and the cell 
constants for each cylindrical section determined. 
Following this, the desired volume fraction of solid 
phase was weighed on an analytical balance and 
poured into the cell. The resulting mixture then was 
stirred with a glass rod for approximately 3 min to 
remove entrained air. The top electrode was closed 
and the cell was shaken to insure uniform electrolyte 
composition and temperature. When the dispersed 
phase settled below the level of the center electrode, 
the electrode was closed. Next the resistance of the 

Fig. 2b. ‘‘Death Valley Sand’’, size range 0.15-0.175 mm upper compartment (containing no solids) was 
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Fig. 3. Assembled conductivity cell, with top and center 
electrodes in ‘‘open’’ position. 
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Fig. 4. Schematic diagram of the Wheatstone bridge circuit 


measured. The resistance of the lower compartment 
(containing the known volume fraction of solids) 
was obtained while the cell was shaken by hand 
with a rotating, up, down, and sideward motion until 
a “steady-state” image was obtained on the screen of 
the cathode-ray oscilloscope. With continued shaking 
the actual value of the resistance of the dispersions 
was obtained by adjustment of the slide wire until 
the image, which was an ellipsoid, would become a 
line in the vertical gain, the point at which the 
Wheatstone bridge circuit was balanced. 

After the first pair of measurements were com- 
pleted, to check whether thermal equilibrium existed 
between the two compartments, the central electrode 
was opened, and the contents of the compartments 
thoroughly mixed. Again the solids were allowed to 
settle into the lower compartment and, after closing 
the central electrode, conductivity measurement was 
repeated as described above. In most cases the con- 
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Table Il. Per cent difference between minimum and maximum 
values of K./K. measured in three series of runs 


0.1 0.19 
0.2 0.17 
0.3 1.2 

0.4 1.75 


ductivity ratios obtained by the second pair of meas- 
urements were in agreement with those by the firct 
within +0.2%. If not, the contents of the compart- 
ments were again mixed, etc., until the difference 
between conductivity ratios between two successive 
measurements was within the limits given above. 

To detect any systematic errors such as might be 
due to weighing and handling of solids, possible im- 
perfect elimination of entrained air, etc., complete 
series of runs involving measurements at several 
volume fractions were repeated two or three times. 
As illustrated in Table II, per cent differences be- 
tween minimum and maximum values obtained for 
K./K, at the same volume fractions were only ap- 
proximately 0.2% at up to f values of 0.2; however 
at f=0.4 reproducibility was less satisfactory 
(1.75%). 

Data 

Figures 5-8 serve to illustrate the results obtained 
in the 20 series of measurements, each series con- 
sisting of four to eight individual measurements of 
conductivities at approximately evenly spaced vol- 
ume fractions of solids. On most single- and mixed- 
size fractions enumerated in Table I and with each 
sand species and the polystyrene cylinders duplicate 
measurements were taken. Graphical representation 
of the data reveals that all the experimental points 
fall below the line corresponding to Maxwell’s equa- 
tion (Eq. [2]), and this deviation increases with 
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Fig. 5. Dependence of effective conductance on volume 
fraction of dispersed phase. Size range of spheres: 175-210 u. 
4, Series |; A, Series II. 
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1.0 


0 0.1 0.2 f 0.3 04 


Fig. 6. Dependence of effective conductance on volume 
fraction of dispersed phase consisting of spherical particles. 
4, equal weight fractions of size ranges I-VI; O, equal weight 
fractions of size ranges I-VI. Curves 1 and 2 as on Fig. 5. 


1.0 


0 0.2 ¢ 0.3 0.4 


Fig. 7. Dependence of effective conductance on volume 
fraction of suspended sand. A, ‘Sea Sand’’; O, ‘Death Valley 
Sand.’’ Curves 1 and 2 as on Fig. 5. 


volume fraction of the dispersed phase. Further, 
values of the conductivity ratio on mixed size ranges 
are slightly but distinctly below the ones obtained on 
single size ranges. Data on both the polystyrene 
cylinders and on the two kinds of sands show more 
substantial differences from Eq. [2] than any on 
spherical particles. 


Best Curves Representing Data 


All series were subjected to least squares treat- 
ment, using the equation 
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1.0 


0 0.1 0.3 0.4 


Fig. 8. Dependence of effective conductance on volume 
fraction of suspended polystyrene cylinders. A, Series |; O, 
Series Il. Curves 1 and 2 as on Fig. 5. 


K./K, = X(1—f)’ [5] 


Table III summarizes the least squares values of X 
and Y. If we assign a value X’ = 1.00 (which should 
be satisfied for obvious physical reasons), the modi- 
fied exponent Y’ is obtained. The table also includes 
the standard deviation S and S’. All coefficients of 
correlation were greater than 0.998. S and S’ are 
measures of the scatter of data about the curves de- 
fined by X, Y, or Y’ in units of the ordinate. Twice 
the standard deviation gives approximately the 95% 
confidence limits on either side of the curve. 


Discussion 

While differences between the set of data on 
single-size fractions and on mixed sizes may be re- 
garded as too small to draw sharp conclusions, the 
least squares equation representing data on mixed 
sizes is for all practical purposes identical to the 
equation proposed on theoretical grounds by Brug- 
gemann (11) in which Y’= 1.5 (see Eq. [6] below). 
That such an agreement for a large diameter range 
of spherical particles in the dispersed phase confirms 
reasonable expectations follows from the physical 
approximations implicit in Bruggemann’s mathe- 


Table Ill. Least squares curves representing conductance 
data in terms of Eq. [5]. X’ fixed at 1.00 


Dispersed phase 


I 
II 
III 
IV 
VI 
VII, VIII 
Death Valley Sand 
Sea Sand 
Cylinders 


08 08 \ 
a 
0. 
06 
an 0.5+—— — 
0.97 135 0.010 143 0.015 
ae 0.988 147 0.015 152 0.014 ag 
0.998 1.44 0.008 1.45 0.007 
0.995 1.45 0.001 1.47 0.002 
0.988 1.45 0.007 1.48 0.009 
0.991 1.48 0.008 1.50 0.008 
0.992 1.56 0.005 1.58 0.006 
0.994 151 0.010 153 0.010 
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matical treatment. If one adds a relatively large 
spherical particle to a dispersion containing much 
smaller particles, the disturbance of the field around 
the large sphere due to the small spheres may be 
considered negligible. On this basis, the effective 
conductance of such a system may be evaluated by 
considering the surroundings of the large sphere as 
a continuum having an effective conductance K’,, 
and apply the Maxwell equation, since the system is 
“dilute” as far as the large sphere is concerned. The 
change in K’, with the volume fraction of the dis- 
persed phase may then be expressed in differential 
form: 

dK’./df = [—3K’./(1 —f) ][(K’. — K,)/(2K’. + 


Integrating with the boundary conditions K’,/K, = 1 

as f = 0 and at the upper limit K’, = K,, one obtains 
K,./K, — K./K, 

(1 — K,/K.) 


for the case when both phases are conductors, and 
the Bruggemann equation 


K./K, = (1 [6] 


when the dispersed phase is an insulator, or K, = 0. 
For single sizes or narrow size fractions, the physical 
conditions necessary for justifying the Bruggemann 
approximation are not satisfied. Conductivities of 
such dispersions when K, = 0 must be lower than 
the value obtained from Maxwell’s equation and 
higher than predicted by Bruggemann’s approxima- 
tion. The series of measurements represented in 
Table III conform to this qualitatively correct argu- 
ment. 
Size Effect 

With the exception of the one series on the 105-177 
p» range, where the scatter of data was unusually 
large, the exponent Y’ shows a slight, gradual in- 
crease with particle size. There is no reason why 
particle size should have any effect on the effective 
conductance, unless the diameter of the spheres be- 
comes comparable to the dimensions of the vessel 
containing the dispersion. There is no doubt that the 
larger exponents found for the size fractions V and 
VI, respectively, reflect wall effects. 

It should be noted that while Maxwell’s equation 
is valid strictly only when the dispersed phase con- 
sists of spheres of a single diameter, and of course at 
that only at very low volume concentrations, Eq. [6], 
both on the basis of the present experimental results 
and because of the conditions assumed in the deriva- 
tion by Bruggemann (11), applies best for random 
distribution of sizes. 

Although the present study was not designed to 
clarify what effects shapes other than spherical 
would have on the conductivity ratio K,./K,., four 
series of measurements with sand and two with poly- 
styrene cylinders were also performed. The results 
as presented in Fig. 7 and 8 and in Table III indicate 
that Eq. [6] again represents the data fairly well. 
This agreement however should be viewed with cau- 
tion. The sand particles used were of “smoothed off” 
polyhedrical shape for which the approximations in- 
corporated in Eq. [6] may be considered to apply 
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rather well. The “Death Valley Sand” gave slightly 
lower conductivity ratios than the “Sea Sand” re- 
flecting the more elongated shape of the former (12). 

As to the cylinders, Fricke’s treatment (13) of the 
conductivities of prolate spheroids in dilute disper- 
sions yields values close to those one obtains by using 
Eq. [6]. Therefore at least at low concentrations of 
the solid, the agreement between the present data 
and Eq. [6] is not surprising. However, at higher 
volume fraction of the dispersed phase, there is no 
adequate theoretical basis by which one can safely 
generalize the agreement found between the data 
for cylinders of approximately 10:1 length to diam- 
eter ratio and the values predictable from Eq. [6], 
which has been developed for spheres only. 


Conclusions 

Experiments of reasonably high precision and re- 
producibility confirmed expectations based on the- 
ory, e.g., that the conductivity of electrolytes is low- 
ered by the presence of randomly distributed spheri- 
cal nonconductors to a larger extent than predictable 
from the well-known Maxwell relation. Conduc- 
tivity data obtained on a large size range of glass 
spheres in aqueous ZnBr, solutions aligned closely to 
curves represented by Eq. [5] with X = 1.00 and 
1.43 < Y < 1.51. This form of the equation and the 
upper limit of the exponent find theoretical sup- 
port in the approximation first proposed by Brugge- 
mann. 

It is recommended that for random dispersions of 
spherical insulators with a large size-range of 
spheres, such as occurs in gas-electrolyte emulsions, 
the Bruggemann equation (Eq. [6]) be used to pre- 
dict effective conductivity. When the size-range of 
spheres is narrow it may still be used with about the 
same or lower probable error than the Maxwell 
equation, although in that case the Bruggemann 
equation predicts slightly low values for the effective 
conductance. For shapes other than spherical Eq. [6] 
is generally not applicable, particularly not if the 
particles are greatly elongated or when they contain 
cavities. 
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Effect of Gas Evolution on Current Distribution 
and Ohmic Resistance in Electrolyzers 


Charles W. Tobias 


Department of Chemical Engineering, University of California, Berkeley, California 


ABSTRACT 


Volume fraction of gases in electrolyzers increases in the direction of net 
movement of gases, causing a corresponding variation in the ohmic resistance 
between electrodes. The resulting nonuniformity in current distribution and 
the increase in over-all resistance is shown to be characterized by a single 
dimensionless parameter which incorporates the key process variables. The 
leveling effect of polarization is shown to be significant. 


Although the effect of gas holdup in electrolytic 
cells on the resistance of the electrolyte has long 
been recognized (1), quantitative interpretation of 
the effects observed has not been attempted until 
recent years. Ipatieff, Schischkin, and Jurieff (2) 
have presented simple calculations relating the total 
current to volume of gas present in water electro- 
lyzers. Implicit in their treatment is the assumption 
that the effective resistivity of the electrolyte be- 
tween the vertical electrodes does not vary in the 
vertical direction. While this assumption greatly 
simplifies the physical model, it also deprives the 
model used by these workers of reality. In addition 
to neglecting the current density variation caused 


Fig. 1. Experimental cell and conductivity probe used by 
Baker (2). a, Steel electrodes, 32 x 6 x Ve in.; b, Bakelite 
backing sheets; c, plexiglass separators, 31 x 1 x 1 in.; d, 
fastening bolts; e, platinized platinum electrodes, 0.5 x 1.0 
cm, 7 cm apart; f, shielded leads; g, glass tube, 1 cm OD; h, 
plexiglass shield fitting over horizontal part of glass tube. 


by differences in gas concentration, these authors 
expressed the volumetric effect of gas bubbles on 
conductivity in an erroneous manner. 

According to measurements of the effective re- 
sistance as a function of cell depth (Fig. 1) reported 
by Baker (3) between parallel electrodes, the vol- 
ume fraction of gas at a given depth in a given 
electrolyte is approximately a linear function of cur- 
rent density (Fig. 2). Baker calculated the volume 
fractions from resistance data obtained by use of a 
shielded resistivity probe. An experimental plot of 
the variation of gas volume fraction as a function of 
distance from cell bottom is shown in Fig. 3. 

Current density decrease from bottom to top of a 
water decomposition model cell was shown by 
Murakawa and Nagaura (4) by means of direct 
measurements of branch currents using a “sectioned” 
electrode (5). Their results conform, at least in a 
qualitative sense, to expectations based on first 
principles. When gas evolves along a vertical elec- 
trode surface, bubbles ascend under the buoyancy 
force (and if the electrolyte is in motion, also due 
to drag forces). The time required for a gas bubble 
evolved at a point on the surface to reach the surface 
of the electrolyte will be approximately proportional 
to the distance of this point from the surface. Con- 
sequently the volume fraction of gas in the electro- 
lyte gradually increases with elevation, causing the 
conductivity of the suspension to diminish along the 
same direction. 

012 


005 O10 O15 0.20 


Fig. 2. Volume fraction of gas near the electrolyte surface 
[from data by Baker (3)]. 
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R — gas constant, cm* atm/°K g mole 
R, —resistance of gas-free electrolyte between 
the two electrodes, ohms 
Ts — effective resistance of a 1 cm* prism of elec- 
trolyte containing gas bubbles, between 
the two electrodes at elevation x, ohm cm’, 
= pb = — f,)* 
R,,, — total ohmic resistance of electrolyte and gas 
in cell, ohms 
s — average rising velocity of bubbles, cm/sec 
4 — absolute temperature, °K 
u — velocity of a gas bubble, cm/sec 
u, — steady-state velocity of a gas bubble, cm/sec 
dv, —volume of gas in volume element w$dz of 
electrolyte at level x, cm® (Fig. 4) 
— width of electrodes, cm (Fig. 4) 
— dimensionless reduced vertical distance, 
X =2x/h 
— vertical distance from bottom of electrodes, 
em (Fig. 4) 
— electrode separation, cm (Fig. 4) 
— time, sec 
— b’/pd, polarization parameter, dimensionless 
— dynamic viscosity, g em™ sec" 
004 008 O12 O16 O20 024 — resistivity of gas-free electrolyte, ohm cm 
VOLUME FRACTION GAS BUBBLES, fx — resistivity of electrolyte containing gas bub- 
bles at level 2, ohm cm 
Fig. 3. Experimental volume fractions at different cell depths ¢., —density of electrolyte and gas, respectively, 
g/cm* 
The aim of the present work is to establish a theo- o — cell parameter 
retical treatment by which the most important de- @ = I,C/w = I;RT/PmFsdw, dimensionless 
sign and process variables are combined in func- E : 
tional relationship, quantitatively describing the Cell Model and Physical Assumptions , 
effect of gas evolution on current distribution and The geometry of the cell model is shown in Fig. 4. 
cell voltage. In order to lend clarity and simplicity | The following assumptions were made: F 
to the mathematical treatment, certain reasonable _—'!- The electrode on the metal side is equipotential, 
physical assumptions must be made, which however 1.€., there = me “terminal effect.” 
should not detract from the general validity of the 2. Size distribution of bubbles at all levels is the 
results. same, and within the range of current densities this 
size range and distribution may be regarded as con- 
stant. 
3. The bubbles assume their steady-state (in- 


b’,,b’ anodic and cathodic linear Tafel slopes, ohm errunaantatanse : velocity, u., essentially immediately 
cm! after separation from the surface. It can be shown 

— dimensional constant, RT/PmFs}, cm amp“ by the solution of the differential equation from u, 

— bubble diameter, cm the velocity of motion of a gas bubble in the gravi- 

- portion of applied cell voltage that depends 
on current, E = E + i.R., volts 

current dependent part of polarization vol- u = u,[1 — exp(— 18v0,0/D*sg) ] [1] 
tage, E, = b’i. 

-constant in “linear” Tafel equation, volts Substitution of reasonable values of the physical 
approximately the current-independent constants into Eq. [1] indicates that quasi steady 
part of the cell voltage, or the “decompo- 
sition” voltage 

Faraday, coulombs/gram equivalent 

- volume fraction of gas in electrolyte at level 
x, dimensionless 

-average volume fraction of gas in cell, di- 
mensionless 

— height of electrolyte column in cell (with 
or without gas), cm (Fig. 4) 

— total current passing through cell, amp 

local current density at level x, amp/cm* 

— average current density in cell, amp/cm* 

—dimensionless parameter CEh/pé - 
RTEh/PmF spi* 

— number of Faradays passing through the cell, 
per mole of gas liberated at both elec- 
trodes, g-equivalent/mole 

— partial pressure of gas liberated at elec- 
trodes, atm, P = Pr — P, 

— total pressure (approximated by ambient A. 
pressure plus arithmetic mean of hydro- = 
static pressure in cell) L$ a 

— vapor pressure of electrolyte at the operat- 
ing temperature Fig. 4. Model of gas evolution cell 
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state is reached within 0.01-0.001 sec after release. 

4. Velocity of rise is independent of depth. In 
fact bubbles expand on decrease in hydrostatic 
pressure. Since the buoyancy force is proportional 
to D* while the drag force is proportional to D” 
(where 1<m<2), ascending bubbles accelerate. In 
the region of interest velocity of bubbles varies ap- 
proximately in inverse ratio to the 1/3 to 2/3 power 
of the pressure; therefore the increase of velocity 
amounts to only a few per cent, provided the cell 
depth is not very great. Incorporation of variable 
velocity into the treatment to be presented, how- 
ever, would confuse the issue more than it would 
contribute to the accuracy of the end results. 

5. Velocity of rising bubbles is independent of 
volume concentration of gas. In fact the bubble 
motion decelerates as the volume concentration of 
bubbles in the electrolyte increases. Quantitative 
functional representation of the effect of volume 
concentration on the departure of velocity from the 
“free” rate of ascendance however has not been 
developed so far.' 


6. Secondary effects on bubble motion, such as 
those due to coalescence or convection currents in 
the electrolyte for example, are disregarded. 

7. The assumptions under 2-6 above permit the 
definition of an average velocity, s, at which the 
gases liberated at the electrodes rise, independent 
of depth and current density. Within a given elec- 
trolyte, however, this velocity depends on pressure, 
temperature and electrode material. 

8. Polarization is linear over the range of cur- 
rent densities occurring within a cell (see Fig. 5). 
Substitution of a linear relation for a relatively 
narrow range of current densities has been an ac- 
cepted technique in treating current distribution 
problems (6, 7). 


9. The flow of current is unidirectional, or at least 
the curvature of the lines of flow is negligible. It has 


1 Studies by Hanratty, et al., on hindered settling of spherical 
solids (9) have shown that in the Stokes law region the effective 
rate of settling may be evaluated if, instead of the density of pure 
liquid, one substitutes the average density of the suspension (a 
variable, function of depth), and if one also takes into account the 
change of effective viscosity with the changing volume concentra- 
tion. Although the exact functional dependence is more complex, 
Hanratty’s data may be reasonably well represented by 82/8 = 
a fr)* when fe <0.35, where s, corresponds to the free settling 
rate, and s, denotes the actual rate of settling at elevation x. 
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Fig. 5. Linear polarization approximation 
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been shown (6) that for linear geometry this is a 
good assumption, provided 8/h is small. 


Mathematical Treatment 


In the steady state, the volume of gas dv, present 
in the volume element w-5-dx (Fig. 4) is 


= (RTwdx/PmFs) fri.dx [2] 


Equation [2] may be derived as follows. The quan- 
tity w times the integral equals the total current 
flowing through the cell between the bottom and 
level x. This current divided by mF gives the total 
number of moles of gas produced and, multiplied by 
RT/P, the total volume of gas produced in the cell 
per second between the bottom and x. This volume 
of gas is moving upward a distance of s cm in 1 sec. 
Therefore, the fraction dx/s of it will be in the 
given volume element at any given instant of time, 
and this is the volume dv,. The volume fraction of 
gas in the same element is then 


dv,/wsdx =f, =C [3] 


For a given geometry, P, T, m, and s, C is a constant 
having the dimensions of length per unit of current. 
Equation [3] relates the volume fraction of a gas at 
height 2 to the total current passing below that 
level.’ 

As shown by De La Rue and Tobias (8), depend- 
ence of the ohmic resistivity p, at level x on the vol- 
ume fraction of gas is given by the Bruggemann 
equation 


Pe = p(1—f.)*” [4] 


The current-dependent portion of the electrode 
potentials E, may be represented by (Fig. 5) 


E, b’ [5] 


The dependence of potential on current density, 
resistance, and polarization is then obtained by com- 
bination of [4] and [5] 


E= (b'+17,)i, [6] 


Note that, in the present application, E is independ- 
ent of x by virtue of assumption 1 above. The square 
centimeter resistance r, is equal to p,8. 

Substitution and rearrangement of [6] yields 


= +(1—f.) [7] 


The meaning of the polarization parameter » has 
been given by Wagner (7) among others. 
The differentiation of [3] yields 


df, = Ci,dx [8] 


The current density i, may be eliminated between 
Eqs. [7] and [8] and the resultant equation inte- 
grated 


(CE/p3) f'dx = (1—f.)*]df. [9] 


2 Although constant velocity of rise s has been assumed in this 
derivation, incorporation of velocity dependence on volume frac- 
tion of gases as represented, for instance, by the approximation 
formula in footnote 1, causes no difficulty. Equation (3) transforms 
to fzi1 fr)* = C*izdx and the integration of the modified equa- 


tion replacing Eq. {9] may be readily accomplished. The resulting 
form however is implicit in fz, and does not permit therefore deri- 
vation of convenient expressions showing the dependence of key 
process variables. In the following treatment only the simpler rela- 
tions involving the constant velocity assumption are presented. 
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Fig. 6. Volume fraction of gas as a function of reduced height 


To obtain a solution in closed form for f,, let us for 
the present assign the value » = 0 (corresponds to 
constant polarization), and then integrate between 
the limits given. The solution is 


f. = [(KX)* + 4KX]/(KX + 2)’ [10] 


where K, the gas effect parameter, and X, dimen- 
sionless vertical height, have been introduced to re- 
duce the number of symbols carried. A plot of f, as 
a function of X is given in Fig. 6 for K = 0.1, 0.5, 
and 1.0. 

Combination of Eqs. [7] and [10] leads to the 
important relation between local current density 
and vertical distance 


i, = 8K/hc(KX + 2)* [11] 


Mathematical Results 


A number of useful relations may now be derived 
by simple combinations of the equations derived in 
the preceding section. 

1. The relation between the total current I, and 
the current-dependent part of the voltage 


I, = i,hw = w = wf,h/C 


w(K* + 4K)/C(K + 2)? [12] 


In Fig. 7 the ratio of local to average current density 
i,/i,, has been plotted by use of Eqs. [11] and [12] 
for K = 0.1, 0.5, and 1.0. 

2. Solving [12] for K, we obtain the dependence 
of K on average current density 


K = 2[1 —(1 — 1/Chi,,)“]"” —2 [13] 


Equation [13] has been plotted in Fig. 8 The verti- 
cal seale is Chi,,. Note that for low values of K 
(<0.15) 

K = Chi,, [14] 


In this region, K is directly proportional to applied 
current and depth of cell and, from the definition of 
C, K is inversely proportional to average velocity of 
rise of bubbles and to electrode separation. 

3. The average effective ohmic resistance of elec- 
trolyte R.,, relative to gas-free resistance R,, when 
the cell depth is the same, is given by 


= (K + 2)*/(K + 4) [15] 
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Fig. 8. Dependence of K on applied current 


4. The average volume fraction of gases is given 
by 


fa = f'f.dX = K/(K + 2) [16] 


Figure 9 illustrates Eqs. [15] and [16], showing 
that the per cent effect on resistance is greater than 
the per cent average gas holdup. Figure 10 shows a 
plot of f,, against a dimensionless grouping ¢ in- 
cluding I,. 

Optimal distance of electrodes.—Because of the 
effect of gas bubbles on the resistivity of electrolyte, 
setting the electrodes closer together will not result 
in a proportionate reduction of ohmic voltage drop. 
As a matter of fact it is easy to realize that bringing 
them together below a certain distance should result 
in an increase of voltage drop. (The volume fraction 
of gas varies in inverse proportion to the electrode 
separation, while the effective resistance of the dis- 
persion between the electrodes increases more rap- 
idly than does the volume fraction of gas.) For 
simplicity’s sake let us consider only at what aver- 
age volume fraction f,, of gas the effective ohmic 
resistance will be at a minimum: 


Rese = A/fav(1 — fav)” [17] 


where all terms not depending on distance have 
been grouped into a constant A. 

Differentiating with respect to f,,, and setting the 
derivative equal to zero, we obtain f,, = 0.4, i.e., the 
ohmic resistance will be at its minimum when the 
electrodes are at such a distance that the average 
volume fraction of gas between them is 0.4. Although 
such a high holdup volume seems to be out of the 
common design and operational range, it should be 
noted that the ohmic resistance diminishes rather 
slowly with distance even when f,,>0.2. Therefore 
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Fig. 9. Relation between holdup-volume fraction f,,., effec- 
tive resistance, and K for gas evolution between plane parallel 
electrodes. 
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Fig. 10. Average gas holdup as a function of total current 


only little can be gained by setting the electrodes 
closer together than corresponds to f,, = 0.2. 

In attempting to evaluate the effect on the voltage 
drop of reducing the interelectrode distance, one 
should keep in mind that in all the developments 
presented above it has been assumed that the aver- 
age velocity of gas bubbles is independent of elec- 
trode separation. Although for large separations this 
appears to be a reasonable approximation, it is quite 
certain that, when the electrodes are so close to- 
gether, the volume fraction of gas becomes signifi- 
cant, s depends on electrode separation, and the 
optimal separation will be larger than that corre- 
sponding to f,, = 0.4. 


Effect of Polarization 


The value » = 0 has been assigned so far in order 
to obtain a solution in closed form for the current 
density distribution, and to show in the manner 
easiest to follow how the common design and pro- 
cess variable are interrelated. 

The relation between X and f, from the integra- 
tion of equation [9] 


KX = + —2 [18] 


does not yield an explicit form in f, and therefore 
i, cannot either be expressed in a closed form as a 
function of X. A reasonable approximation may be 
obtained however if one replaces* the term in Eq. 
[7] which represents the effect of gas volume frac- 
tion on resistance (1 — f,)~*” by the first two terms 
of its binomial expansion 1 +3/2f,. With this sub- 


® Use of this expression for conditions where fay >0.2 leads to ap- 
preciable errors. 


Fig. 11. Leveling effect of polarization on nonuniform cur- 
rent distribution caused by gas evolution. 


stitution the current density variation as a function 
of X, K, and » may be obtained by simple algebraic 
steps 


3 
i,/i.y = Kl + 1)*+ 3KX]"- 


+ 1)* + 3K] + [19] 


Figure 11 shows the considerable leveling effect of 
polarization for a practical range of values of the 
polarization parameter 

When the polarization is strongly dependent on 
current density and therefore » is comparable to or 
larger than unity, the nonuniformity of current dis- 
tribution is diminished to a significant degree. 
Under such conditions it is advisable to use Eq. [19] 
and the correspondingly modified forms of the re- 
lations expressing effective resistance, etc. 

Note: The fact that the effect of gas evolution on cur- 
rent distribution depends on a single dimensionless 
parameter should be helpful both in design procedures 
and when it is desirable to know what effects changes 
in operational conditions will have. 

The foregoing treatment should be regarded as valid 
only within the physical assumptions made. Therefore, 
whenever any of the variables (such as size, total cur- 
rent) are changed significantly one must examine 
whether or not dependent quantities have been affected 
by phenomena not considered in setting up the physical 
model. A particularly vulnerable assumption is that re- 
lating to the constancy of the average rising velocity of 
bubbles. Large variations in cell depth or electrode 
separation will undoubtedly influence s, as will changes 
in electrode materials. The effect of deceleration of 
bubble motion due to decrease in bulk density and in- 
crease of viscosity cannot be considered quantitatively 
until further experimental and theoretical develop- 
ments improve our understanding of the dynamic be- 
havior of suspensions of gases in liquids. The analogy 
with hindered settling is plausible but not proven. In 
any case, other factors, such as bulk entrainment of 
electrolyte and secondary flows caused by descending, 
relatively gas-free eddies, may so seriously influence 
bubble motion that conclusions reached by considering 
the deceleration due to viscosity and density changes 
alone could be misleading. 

The average bubble velocity, s, and its dependence on 
cell geometry, current density range, and materials 
used may be established in model experiments. Esti- 
mates of s may be obtained by measurement of increase 
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of electrolyte level due to gas holdup (see Eq. [16]), 
and the variation of average velocity with total current 
established by comparing the dependence of K on i,, 
with the values calculated by use of Eqs. [13] and [14]. 


Manuscript received Feb. 9, 1959. This paper was 
prepared for delivery before the New York Meeting, 
April 27-May 1, 1958. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1960 JouRNAL. 
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Preparation and Properties of ZnS-Type Crystals from the Melt 


Albrecht G. Fischer' 
Large Lamp Department, General Electric Company, Nela Park, Cleveland, Ohio 


The important semiconducting phosphor materials 
ZnS, CdS, and ZnSe cannot be melted at normal 
pressure because they decompose several hundred 
degrees below their melting points. This tendency is 
due to the mixed homo-heteropolar nature of their 
bond. As the diamond lattice requires that the ions 
be incorporated in a predeformed state and under 
stress, unstable surfaces result (1, 2). 

The first experiments to melt ZnS and CdS in a 
high-pressure bomb were carried out several de- 
cades ago (3), and recently interest has revived in 
the subject. Accurate values for the melting points 
and vapor pressures of ZnS and CdS have been re- 
ported (4,5) and a technique of growing crystals 
of these materials from the melt under high argon 
pressure has been developed (2, 6). 

ZnSe can also be recrystallized from the melt (2). 
In continuation of earlier work it was found that 
crucibles of pure graphite and of zirconia can be 
used. Quartz glass, although rather soft at the melt- 
ing point of ZnSe, is also suitable as a crucible ma- 
terial since it is not chemically attacked by the melt. 

Using a melting point indicator similar to that 
described in (2) and a Pt-Pt/Rh thermocouple, the 
melting point of ZnSe has now been determined to be 
at 1515° +20°C. CuGaS, melts at 1280°C. 

The vapor pressure at the melting point was de- 
termined by a new direct method. A sealed-off evac- 
uated quartz tube filled with ZnSe prefired in vac- 
uum was heated up to the melting point of ZnSe. 
When the outer pressure in the autoclave was some- 
what higher than the decomposition pressure de- 
veloped in the tube, the walls of the plastic quartz 
tube were compressed. When, on the other hand, the 
outer pressure was lower than the inner pressure, 
the bulb dilated and formed a bubble. In a series of 
experiments with varying external pressure, it was 


' Present address: RCA Laboratories, Princeton, N. J. 


possible to determine the pressure in the bulb with- 
in close limits. In the case of ZnSe it is around 1.8 
atm, while it is about 2.5 atm for CdS. This method 
is also suitable for substances with lower melting 
points where other glasses have to be used, for in- 
stance for certain A,,,By compounds where indirect 
methods had to be used previously. 

The facts that the vapor pressure is comparatively 
low and that quartz, although already soft at 1500°C, 
is chemically stable, suggested a new method for the 
preparation of ZnSe single crystals from the melt. It 


2 


| 


Fig. 1. 1, Graphite stopper; 2, boron nitride rings to pre- 
vent electrical shorting of the heater; 3, graphite crucible; 
4, quartz bulb; 5, ZnSe or CdS melt; 6, graphite powder. 
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is also suitable for CdS. A quartz tube is filled with 
ZnSe, heated in vacuum and sealed off. This tube is 
inserted into a closely fitting thick-walled graphite 
crucible which can be closed with a plug. The re- 
maining empty space is filled with graphite powder 
(see Fig. 1). If this assembly is heated up, the soften- 
ing quartz tube expands, driven by the interior pres- 
sure, until the rigid graphite container takes up the 
mechanical forces and the quartz hull serves merely 
as a gas-tight lining. The vessel with the molten 
ZnSe can then be cooled down with any desired 
temperature gradient in order to crystallize the melt. 
To prevent devitrification of the quartz it is desir- 
able to use pure graphite with smooth surfaces. In- 
stead of the simple graphite crucible shown in Fig. 
1 which has to be destroyed each time a crystal is re- 
moved, more elaborately designed vessels can be 
used which allow disassembly and reassembly. 

The method described is expected to find wider ap- 
plication because it allows the growing of large 
single crystals from the melt in a reproducible way 
and with simple, inexpensive means; no high-pres- 
sure autoclave is needed. 

For ZnS or ZnS-rich mixtures, it is better to use 
high-density zirconia crucibles with stoppers, which 
are sealed into evacuated, closely fitting quartz tubes 
and heated in an autoclave. The pressure applied 
from the outside has to be higher than the decompo- 
sition pressure inside. The thermoplastic quartz en- 
velope then forms a gas-tight lining around the ZrO, 
crucible; this permits growing of the crystals in a de- 
fined atmosphere and controlling the vacancy equili- 
brium in the crystals. 

It has been found that the pure compounds ZnS, 
CdS, and ZnSe, or mixtures containing at least about 
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80% of any one of the constituents, crystallize much 
more readily than mixtures with lower contents, 
which have the tendency to stay polycrystalline. 

Thermoelectric measurements have shown that 
undoped ZnSe crystals as well as samples doped with 
Al and In are n-type, whereas ZnSe crystals doped 
with Cu or Ag are p-type. The n-type samples are 
strongly photoconducting, whereas’ coactivated 
samples are luminescent. 

Solid-state diffusion occurring during the firing of 
crystals rich in ZnSe or CdS and packed in ZnS 
powder having the same activator concentration led 
to spread-band-gap surfaces. This could be observed 
by a short wave-length shift of the photo- and 
cathodoluminescence from the interior of the crystals 
toward their surface. Formation of mixed crystals of 
ZnSe with ZnTe or GaAs (7) reduces the band gap 
of ZnSe. 
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Technical Review 


The Manganese Dioxide Electrode 


W. C. Vosburgh 


Department of Chemistry, Duke University, Durham, North Carolina 


Manganese dioxide has been an important bat- 
tery reactant since about 1890 when the Zn-MnO, 
cell proposed by Leclanché (1) began to be used in 
the dry-cell form. Because of the importance of the 
Leclanché cell and of other uses of MnO, a volumi- 
nous literature has grown up. A review of the Le- 
clanché cell by Heise and Cahoon (2) was published 
in 1952 and at the same time reviews of two newer 
cells with MnO, electrodes by Morehouse (3) and 
Herbert (4). The present review brings together 
some of the more recent contributions to the struc- 
ture and properties of MnO, and the discharge 
mechanism of the MnO, electrode. Related topics 


that are not included are the carbon of the Le- 
clanché-cell bobbin, the electrolyte, reactions of the 
Leclanché cell not closely related to the discharge 
mechanism, the standard potential and the open- 
circuit potential of the MnO, electrode, and practical 
features of batteries with MnO, electrodes. 


Structural Forms of Manganese Dioxide 
Reviews of the structure of MnO, have been given 
by Wadsley and Walkley (5) and Brenet (6). Some 
later contributions have been made by Buser and 
Graf (7). The large number of more or less differ- 
ing substances of the approximate composition 
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MnO, (with or without other elements) have been 
classified as belonging to a relatively few general 
types which occur naturally. The crystal structures 
of these have been determined and diagrams of the 
structures are given in the above references. 

The minerals pyrolusite and ramsdellite are MnO, 
with no other element as an essential part of the 
structure. Ramsdellite in well-crystallized form is 
rare. Pyrolusite has a more compact crystal struc- 
ture than ramsdellite (6,8). 

Psilomelane is given the type formula (Ba,H,O). 
Mn,0O,, in which the relative amounts of Ba and H,O 
are variable (9). The Ba is present as Ba", and 
compensation for the charge is made by reduction 
in the charge of an equivalent number of Mn atoms 
(9). 

The minerals cryptomelane, hollandite, and coro- 
nadite are alike except for the additional element 
present along with the MnO., these being K, Ba, and 
Pb, respectively (10, 11). The type formula is given 
as KMn.O,, with K replaceable by other metal 
atoms, with suitable adjustments of the charge of 
the Mn. 

Lithiophorite and chalcophanite have layer struc- 
tures in which the MnO, forms two layers enclosing 
other metal ions and water, or hydroxides (12). 

Well-crystallized artificial pyrolusite, known also 
as 8 -MnO.,, can be prepared. The accepted standard 
MnO, electrode with an acid electrolyte is a B-MnO, 
electrode (13). Well-crystallized ramsdellite has 
not been prepared, but the artificial material known 
as y-MnO,,.and the naturally occurring y-MnO, now 
usually are considered to be related to ramsdellite 
(14, 5, 6) although a closer relation of some samples 
to pyrolusite on the basis of the x-ray diffraction 
pattern has been pointed out (15). It is suggested 
(11) that the ramsdellite structure of y-MnO, is 
partially changed to the more stable pyrolusite 
structure by as mild a treatment as heating under 
boiling water. This would make possible a series of 
disordered intermediate forms. Both natural y-MnO, 
ores and electrodeposited y-MnO, preparations are 
used in batteries. 

Well-crystallized artificial cryptomelane, or 
a-MnO., has been prepared. Electron microscope 
photographs of a-MnO, showing definite crystal 
form, are given by McMurdie (16) and Buser, Graff, 
and Feitknecht (17). In similar photographs of 
y-MnO, no crystal form can be seen. McMurdie’s 
a-MnO, was prepared by the digestion of y-MnO, 
with NH,ClI solution either at 100°C or under pres- 
sure at 150°C and presumably contained NH,’ in its 
structure. The a-MnO, of Buser, Graf, and Feitnecht 
was prepared with K’ present. 

Electrodeposition of MnO, from a bath of MnSO, 
and H.SO, gives y-MnO, (14, 6). However, if one of 
the cations that can take part in the a-MnO, struc- 
ture is present a-MnO, may be obtained (18, 19), 
although Cole, Wadsley, and Walkley (14) obtained 
y-MnO, in two preparations in which K.SO, was 
present. 

Precipitation processes in which Mn” is oxidized 
or MnO, reduced (or both) give four different 
oxides, depending on conditions. The one most 
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commonly formed is y-MnO., but in the presence of 
K’ or other similar cations a-MnO, or mixtures of 
a and y may be formed (14, 20, 21). Some conditions 
of precipitation give 6-MnO, (16), and still other 
conditions give two forms of a material called 
manganous manganite (22, 23). As the last name 
implies, this material contains Mn(II) as well as 
Mn(IV), and the amount of Mn(II) is variable. 
Buser, Graf, and Feitknecht (17) showed that 
6-MnO, and manganous manganite are alike in 
structure. The crystals are thin plates consisting of 
two layers of Mn(IV) and O atoms with a variable 
amount of Mn(OH). between the layers. The 
Mn(II) of the Mn(OH), can be replaced by other 
metals, for example Zn, giving a series of manga- 
nites. When the Mn(OH), content is small, the 
material is 6-MnO,.. Compounds 3MnO,-Mn(OH).:- 
xH.O and 4MnO,-xMn(OH),.-2H.0 have been pre- 
pared, the latter in well-crystallized form. This 
preparation indicates that manganous manganite is 
not a poorly crystallized a-MnO, as has been sug- 
gested (16,24). Buser and Graf (25) consider that the 
two forms of manganous manganite are similar in 
structure to the minerals chalcophanite and lithio- 
phorite, mentioned above. On heating manganous 
manganite or 6-MnO, under water a-MnO, is formed 
if the preparation contains enough K’, and y-MnO, 
is formed if the K* content is below a certain small 
minimum (22, 17). Dried 6-MnO, containing K* was 
not appreciably converted to a below 300°C (21). 


Some Properties of MnO. 

Most of the properties of MnO, are well known 
and need no review here. However, some recent 
work on certain of the properties should be men- 
tioned. 

Changes on heating.—The changes on heating 
MnO, at temperatures between 350° and 450°C 
serve to show the relative stabilities of the various 
varieties. Cole, Wadsley, and Walkley (14) repre- 
sent the changes as follows, most of which they 
have confirmed. The arrows represent heating at 
350° to 450°C except in the one case noted; this 


Pyrolusite Cryptomelane 


Ramsdellite y—-MnO, Manganous 
(100°C) Manganite 


latter change seems to have been carried out only 
under hot water (17). Pyrolusite, or B-MnO., and 
cryptomelane, or a-MnO., are the most stable forms, 
and of the two a-MnO, is much the more stable if it 
contains K* as the additional cation. Whether 
y-MnO, and manganous manganite are converted to 
a-MnO, or to B-MnO, depends on the presence or 
absence of a suitable cation. 

Heating at temperatures of 150° to 350°C affects 
the properties of y-MnO, (26, 27). The potential of 
the MnO, (that is, the electrode potential when a 
MnO, electrode is made with the material in ques- 
tion, with an ammonium salt electrolyte unless 
otherwise specified) is decreased by heating. The 
discharge capacity is also decreased. Combined 
water is driven off at these temperatures and the 
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crystal form altered in the direction of increased 
crystallinity and partial conversiun to a pyrolusite 
structure (11). The decreased discharge capacity 
may be related to both the decreased water content 
of the MnO. and its change in structure. The elec- 
trode potential is determined by the composition of 
the exterior of the oxide (28). Heating y-MnO, at 
still lower temperatures, 90° to 140°C, affects the 
shape of the discharge curve, when electrode po- 
tential is plotted against time at constant current 
(29). 

However, when the electrolyte is a solution of 
HCl and MnCl, the results are different. Maxwell 
and Thirsk (21) made electrodes from a number of 
different MnO, preparations, unheated and heated 
at various temperatures up to 500°C. Heating the 
MnO. either had little effect or caused an increase 
in the electrode potential, followed by a decrease at 
the highest temperatures. It is worthy of note also 
that the various artificial preparations of a-, y-, 
and 5-Mn0O., all had electrode potentials higher than 
artificial 6-MnO., the differences ranging from 30 
to 80 mv. 

Surface area.—Measurements of the surface area 
of MnO, by the gas adsorption method have re- 
vealed that the area in most cases is very large. For 
y-MnO, areas of 20-60 m’*/g have been reported 
(25, 28). This is of the order of 10° times the surface 
of a gram of MnO. in the form of a smooth cube. For 
8-MnO., a surface of 300 m’/g was found (30), in 
agreement with the very thin crystal structure pro- 
posed for this variety. 

The catalytic activity of any one sample of MnO, 
for the decomposition of H.O, is dependent on the 
surface area, but different samples may differ 
widely in catalytic activity (5). Variation in the 
overpotential of similar preparations of electrode- 
posited MnO, electrodes with the temperature and 
current density of electrodeposition can be ex- 
plained entirely as caused by variations in surface 
area (29). However, in general the electrochemical 
activity of MnO, is more dependent on the state of 
the surface than on the particle size (31). 

lon exchange and isotope exchange.—Manganese 
oxides, especially when freshly prepared, adsorb a 
wide variety of cations from solution with liberation 
of hydrogen ions. This has been considered an ex- 
change adsorption (32), and MnO, when hydrated, 
as most samples are, is a weak acid (33). In the 
manganous manganites, 4MnO.-Mn(OH).°2H.0 and 
the Mn(II) can be re- 
placed by Zn or various other cations in a reversi- 
ble ion-exchange reaction (7, 34). 

Exchanges between radioactive Mn** and inactive 
MnO, that range from very small to complete have 
been observed (7). The amount of exchange varies 
widely with the nature of the MnO, and the condi- 
tions. With compact lattice structures as in B- and 
a-MnO, and the minerals ramsdellite and chalco- 
phanite exchange of radioactive Mn‘ takes place 
only at the surface. There is no diffusion in the 
lattice. The more open a-MnoO, structure gives more 
exchange. Samples of a- and 6-MnO. having nearly 
the same surface area per gram gave exchanges of 
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12% for a and 0.1% for g. In compounds of similar 
structure and surface area, exchange varies with the 
amount of disorder. Increase of temperature in- 
creases the amount of exchange; a 8-MnO, that ex- 
changed 2% at room temperature exchanged 15% 
in a boiling solution (7). 

Connected with the ion-exchange property is the 
observation that each MnO, ore or preparation has 
a characteristic iso-acidic point. This is an electro- 
lyte pH of such a value that no change in pH takes 
place when the electrolyte is put in contact with the 
MnO.. When MnoO, is stirred with an electrolyte of 
higher or lower pH than the iso-acidic point the 
electrolyte pH is changed in the direction to ap- 
proach this point. This change must be taken into 
account in measuring the change of MnO, electrode 
potential with pH. The iso-acidic point is not the 
same as the isoelectric point which was found to be 
at the fixed pH 6.5 (35). 

Magnetic susceptibility—The magnetic suscepti- 
bilities of a number of manganese dioxides have 
been measured by Selwood, et al. (36). Crystalline 
pyrolusite is a magnetically concentrated sub- 
stance; that is, the manganese atoms are so close 
together that they affect each other magnetically. 
Artificial y-MnO., a gel form of MnO., and Gold 
Coast and Brazilian ores were found magnetically 
dilute, indicating a more attenuated structure, in 
agreement with other data. These have the magnetic 
behavior expected of a Mn(IV) compound. It was 
found possible to follow the discharge of a dry cell 
by measurement of its magnetic behavior, since re- 
duction of Mn(IV) causes an increase in suscepti- 
bility. 

Conductivity.—It is known that MnO, is a semi- 
conductor. Four samples of MnO, under high 
pressure (7x 10° g/cm* or 1x10° lb/in.*) gave 
resistivities of 37-77 ohm-cm (37). Electronic semi- 
conductivity is large when electrons can pass easily 
from one cation to another. This is the case when 
ions of one element of different electrical charge 
occupy equivalent positions in the crystal lattice 
(38). 

Activity.—The term “activity” of a MnO, sample 
is used in describing the practical performance of 
the material in batteries. Brenet (39) states: “A 
high activity corresponds practically to the possi- 
bility of releasing a maximum quantity of elec- 
tricity with a maximum potential difference at the 
cell terminals, over as long a period as possible.” 
This is a tentative definition and he points to the 
need for a satisfactory method of measuring activity 
other than by making cells and discharging them. 
Also, the relation of activity to other properties is 
not well enough understood. 


Lower Oxides of Manganese 


The lower oxides and hydroxides of manganese 
are of interest as possible products of the reduction 
of MnO, in the discharge of the MnO, electrode. Two 
forms of the next lower oxide, Mn.O,, have been 
described and are designated as a- and y-Mn.O, 
(40). The more stable is a-Mn.O, which is formed 
by heating B-MnO, to constant weight at 600°C 
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(41, 40). The less stable oxide, y-Mn,O,, is thought 
to play a part in the discharge of the MnO, electrode 
(42). It is converted to a-Mn,O, by heating in a 
vacuum at 500°C or on standing for a year at room 
temperature (40). The x-ray diffraction pattern of 
y-Mn.O, is nearly identical with that of Mn,O,, in- 
dicating a similarity in structure of these two 
compounds. 

The compound MnOOH occurs as the mineral 
manganite and can be prepared by oxidation of a 
Mn(II) salt under carefully controlled conditions. 
It is a final product of the discharge of the MnO, 
electrode (42-45) and of the reduction of MnO, with 
Mn” at pH 4 to 5 in the absence of Zn" (46). Heat- 
ing MnOOH at 250° in a vacuum gives y-Mn.O, 
(40). 

The compound ZnO:Mn.0O,, or Zn(Mn0O.)., which 
occurs naturally as the mineral hetaerolite, is an- 
other final product of the discharge of the Leclanché 
cell (45, 47) and is formed in the reduction of 
MnO, by Mn” in the presence of Zn" (46). Condi- 
tions for its formation in the dry cell have been 
studied (47). It cannot be the only product of the 
discharge, or alternatively not a primary product, 
because its formation would not involve the increase 
of pH in the bobbin electrolyte that is observed 
during discharge (44). 

All oxides and hydroxides of Mn when heated in 
air to temperatures in the vicinity of 1000°C are con- 
verted to Mn,O,, which occurs naturally as the 
mineral hausmannite. 

The compounds MnO and Mn(OH), are easily oxi- 
dizable by oxygen. It is remarkable that MnO can be 
oxidized most of the way to Mn.O, before the x-ray 
diffraction pattern of MnO disappears completely 
and that of Mn,O, appears (40). 

The valence of Mn in some of the lower oxides is 
a matter on which there is lack of agreement at pre- 
sent. Krishnan and Banerjee (48) measured the 
magnetic anisotropy of MnOOH and concluded that 
this compound must be composed of equal parts of 
Mn(II) and Mn(IV). Brenet (42) prefers to assume 
only Mn(IIl) and Mn(IV) in the compounds involved 
in the MnO, electrode reaction. Verwey and de Boer 
(38) have presented evidence that Mn,O, is composed 
of Mn(II) and Mn(IV) ions from the electrical con- 
ductivity and the crystal structure. On the other 
hand they presented similar evidence that y-Mn.O, 
contains only Mn(III). Since y-Mn.O, can be pre- 
pared by the dehydration of MnOOH in a vacuum 
at 250°, Mn(III) is suggested for the latter com- 
pound, in disagreement with the evidence from 
magnetic anisotropy. Bhatnagar, et al. (41) found a 
magnetic moment for a-Mn.O, that _ indicates 
Mn (III). 


The Discharge Mechanism 


Early theories.—One of the early theories of the 
discharge of the MnO, electrode was that hydrogen 
was the primary discharge product, this being 
subsequently oxidized by the MnO,. The MnO, thus 
acted as a depolarizer. No definite evidence in favor 
of this theory has been advanced, and the facts 
concerning the discharge mechanism can be ex- 
plained more satisfactorily otherwise. 


September 1959 


Another theory involved the formation of Mn“ 
ions in the electrolyte. Against this is the fact that 
physical contact between the MnO, and the metallic 
conductor (carbon in the Leclanché cell) is neces- 
sary for the effect of the MnO, to be detected (49). 
Also, no appreciable amount of oxidizing substance 
is found in an NH,C1 solution digested with MnO, 
(50). 

Divers (45) in 1882 explained the polarization of 
the MnO, electrode as the result of the accumulation 
on the surface of the MnO, of the products of the 
reaction, which he correctly identified as MnOOH 
and ZnMn.QO,. Divers’ explanation of the polarization 
seems not to have received the attention it de- 
served. Relatively recent experiments have led to a 
similar view of the mechanism. 

Newer experimental data.—Some of the newer 
experiments have been carried out on dry cells, but 
more often special MnO, electrodes have been con- 
structed that avoid some of the complications of the 
dry-cell bobbin. In any case the MnO, is brought in- 
to intimate contact with either carbon or platinum, 
by pressure or by electrodeposition of the MnO,. Ex- 
cept in dry cells, a relatively large volume of electro- 
lyte usually is employed to keep changes in compo- 
sition small. In what follows it will be assumed that 
the electrolyte is NH,Cl solution, with or without 
added ZnCl, unless otherwise specified. Potential 
measurements usually have been made with the 
help of a reference electrode. 

In a dry-cell bobbin an increase in pH takes place 
on continuous discharge, and a decrease takes place 
near the zinc electrode. The increase in pH, resulting 
from the release of NH, in the electrode reaction, is 
partially compensated by the formation of Zn- 
(NH,).Cl, and other similar complex salts (44). This 
increase in pH shows that Zn(MnoO.), is not the 
primary product of the discharge of the MnO, elec- 
trode of the Leclanché cell, as mentioned above. 

Even when appreciable pH changes are avoided, or 
corrections made, the electrode potential of a dis- 
charging MnO, electrode decreases. The decrease is 
fairly rapid at first and may be slow later. If the 
circuit is opened the potential rises fairly rapidly 
at first, then more and more slowly for a period of 
days, but does not reattain the initial potential (51). 
The potential decrease during discharge may be 
described as a decrease in open-circuit potential 
combined with a rather large polarization. The 
growth and decay of this polarization is much 
slower than in most electrode systems, indicating 
that it is not simple activation polarization or con- 
centration polarization involving the solution (52, 
53). Substitution of other ammonium salts for 
NH,Cl makes little or no difference (51) and dis- 
charges in 4.4M KOH give much the same results 
(54). 

In the absence of ZnCl, two products of discharge 
are observed under most conditions. Mn‘ is found 
in solution (55-57) and when the discharge is car- 
ried to the point of rapid decrease in potential which 
terminates the useful part of the discharge an oxide 
(or oxide mixture) of the composition MnO, , re- 
mains (56, 57). In this solid MnOOH can be re- 
cognized by its x-ray diffraction pattern (42). 
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Analysis of the bobbins of discharged dry cells 
shows Mn in three forms. Some Mn can be extracted 
from the bobbin material by a solution of NH,Cl and 
ZnCl, and presumably comes from Mn(II) com- 
pounds in the bobbin. The insoluble portion contains 
both MnOOH and Zn(Mn0O.),.. The formation of these 
products by reduction of MnO, accounts quantita- 
tively for the current passed in the discharge (58). 

Data on the formation of Mn” as a product of the 
discharge reveal something of the discharge me- 
chanism. With an electrolyte of H.SO, and MnSO, it 
is the only discharge product, other than H,O (59). 
At pH 5 in the discharge of y-MnO, electrodeposited 
on graphite with NH,Cl or (NH,).SO, electrolyte, 
Mn” is formed throughout the discharge. At pH 7.5 
or 8 under the same conditions no Mn" is formed in 
the early part of the discharge (56, 60). The amount 
of Mn” formed at any one pH is independent of the 
volume of the electrolyte. The presence of Zn** in the 
electrolyte reduces the amount of Mn” (61). 

Changes in the x-ray diffraction pattern of the 
oxide during a discharge have been observed (42). 
Starting with y-MnoO., the diffraction patterns indi- 
cate an expansion of the crystal lattice as the dis- 
charge proceeds. With a-MnO, the expansion is not 
as evident, but is believed to take place. After dis- 
charge of a little less than half of the theoretical 
capacity of the MnO, a sudden change in the pattern 
takes place. The new pattern is that of either 
y-Mn.0, or Mn,O, (these being nearly the same), and 
of the two the y-Mn.0O, is considered the more prob- 
able. Finally the pattern of MnOOH appears. When 
B-MnoO, is reduced electrolytically only the change 
to MnOOH is observed. 

Interpretation of the experiments.—The slow rate 
of decay of polarization led Coleman (52) to propose 
that a solid-state diffusion process is involved. Lower 
oxide formed on the surface of the MnO, is thought 
to cause the polarization, and a diffusion process 
operates to remove it (51, 56). This involves the as- 
sumption that the composition of the surface of the 
oxide determines the electrode potential (27, 28). 
The decay of polarization can then be interpreted as 
an increase in the available oxygen content of the 
surface as the result of removal of lower oxide. How- 
ever, another probable contributing factor is dis- 
cussed below. 

The diffusion process involved in the discharge 
need not be considered an actual diffusion of Mn and 
O atoms. The same effect can be attained and elec- 
troneutrality preserved within the solid by diffusion 
of protons and electrons only. Since MnO, is a semi- 
conductor we may suppose that electrons can pass 
through it by being transferred between Mn atoms 
in different stages of oxidation but at equivalent 
positions in the crystal lattice (38). Protons can be 
attached to O° ions to give OH’ ions. If protons can 
be transferred from surface OH” ions to underlying 
O ions and at the same time electrons move from 
surface Mn ions to underlying ones, the lower oxide 
on the surface has effectively moved and MnO. has 
moved outward. This should cause the expansion of 
the MnO, lattice that is observed, because Mn”™ is 
larger than Mn“ and OH is larger than O°. 
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The changes taking place during discharge can be 
explained similarly. To reduce MnO, requires elec- 
trons for the Mn atoms and protons for attachment 
to the O atoms. Electrons come from the electrode 
and with physical contact between electrode and 
oxide they are available anywhere within the MnoO.. 
Protons are available from NH,’ ions of the electro- 
lyte or from H,O. The reaction may be considered to 
take place where the electrons and protons meet, for 
it may be considered that here the oxide is reduced. 
Qualitatively, the meeting place can be considered to 
to be at the surface of the MnO, exposed to the solu- 
tion. One reason for postulating this location is the 
formation of Mn” in the solution. The indications are 
that the Mn” is dissolved from a surface oxide by ac- 
tion of the electrolyte (61). The reduction reaction 
on the surface is followed by reaction of part of the 


lower oxide to give Mn” and inward diffusion of the 
remainder. 


A somewhat different view is that during the dis- 
charge the protons penetrate the oxide and meet the 
electrons in the interior (42, 57). Some of the reac- 
tion must still be considered to be on the surface to 
explain the formation of Mn and the growth and 
decay of polarization in terms of an increase in the 
amount of lower oxide during current flow and its 
decrease when the circuit has been opened (62). 


To decide between the two suggested locations of 
the reaction one may ask whether diffusion inward 
from the surface is fast enough to account for the 
reduction of MnO, during a discharge to an oxide of 
the composition MnO,,. Some recent experiments in 
the author’s laboratory indicate that it is not, and we 
must assume with Brenet (42) and Naumann and 
Fink (57) that protons from the solution can pene- 
trate to the interior of the oxide during a discharge. 


There is a disagreement as to the valence of Mn in 
the solid primary product of the electrode reaction. 
Brenet (42) points to the instability of Mn“ in solu- 
tion and to the evidence that the final product, 
MnOOH, is composed of equal amounts of Mn(II) 
and Mn(IV), and prefers to assume that Mn’** [or 
Mn(OH).] within the oxide structure is the primary 
product. This eventually combines with an equiva- 
lent amount of MnO, to give MnOOH. Others (55, 
56) have assumed the formation of a Mn(III) com- 
pound as the first step in the reduction. This may be 
followed by further reduction to Mn”, especially on 
the surface, accounting for the large fall in potential 
during discharge. 

There can be little doubt that Mn” is the first re- 
duction product of Mn“, because the simultaneous 
entrance of two electrons into a Mn" ion is improb- 
able. The question is whether this ion is stable on the 
surface of, or within, a MnO, structure or must be 
immediately reoxidized or reduced to Mn’. While 
Mn™ is unstable in solution, some of the Mn(III) 
complexes are quite stable. This is true, for example, 
of the pyrophosphate complex, which is soluble and 
sufficiently stable to be the reaction product in a 
precise titration (63). The bonds to oxygen joining 
the Mn to the complex must be somewhat similar to 
the bonds between Mn and O in the solid oxide. 
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Because there is a possibility of the stable existence 
of a Mn(IIII) oxide (or oxyhydroxide) on (or in) 
the MnO, it will be assumed in what follows that 
this is the primary product of the reduction of MnO.. 
The discussion would be little different if Mn(OH). 
were assumed. 

The discharge mechanism.—A definite discharge 
mechanism can be formulated on the basis of the 
above experiments and conclusions. It is constructed 
to apply to electrodeposited MnO, on a graphite rod, 
but should be easily adaptable to a bobbin. 

When current starts, electrons from the electrode 
and protons from the solution meet at the surface 
of the MnO, exposed to the solution and also beneath 
the surface, many of the protons penetrating the 
crystal lattice of the MnO,. The electrons are re- 
tained by Mn atoms and the protons are attached to 
O ions to form OH ions. 


MnO, + H' + e ~ MnOOH 


The surface of the MnO, is very large, so the true 
current density is small, and with a concentrated 
electrolyte the ordinary concentration polarization is 
small. There is no evidence of appreciable activation 
polarization. However, as the surface composition 
changes from largely MnO, to one containing much 
MnOOH the electrode potential decreases. This de- 
crease is slow because the surface is large and be- 
cause much of the lower oxide is formed beneath 
the surface. There is in addition a diffusion toward 
the interior where there is less lower oxide. With 
y-MnoO, the decrease in potential is slower than with 
a-Mn0O, or with y-MnO, that has been heated (29). It 
may be concluded that in a-MnO, and heated y-MnO, 
the penetration of the protons is less than in the 
unheated y-MnO., and consequently the surface 
gains lower oxide more rapidly. 

When enough MnOOH has accumulated on the 
surface of the MnO, further reduction to Mn(OH). 
takes place. 


MnOOH + H' + e ~ Mn(OH), 


Then Mn" appears in the electrolyte and as the sur- 
face is reduced further giving a larger surface con- 
centration of Mn(II) the potential continues to fall. 

The lower oxides on the surface will react with 
the electrolyte if the composition and pH are suit- 
able. At pH 5 MnOOH can react. 


2MnOOH + MnO, + + 2H.O 


As the pH increases the surface must be further re- 
duced to react appreciably. 


Mn(OH). + Mn” + 2H.0O 


These reactions are slow and do not come to equi- 
librium in short discharges (60). They are not de- 
pendent on current flow and continue after the 
circuit is broken. Therefore, more Mn” is formed in 
an intermittent discharge than in a continuous one 
(56). 

When after a period of discharge the circuit is 
broken, the excess lower oxide on the surface de- 
creases fairly rapidly at first and then more and 
more slowly. Inward diffusion of the lower oxide 
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takes place and if conditions are favorable the oxide 
also reacts with the electrolyte to give Mn’’. The 
potential therefore rises, but since the MnO, as a 
whole now contains less available oxygen than 
initially the potential never reattains the initial 
value. 

A discharge terminates with a relatively rapid 
decrease in potential when the formation of reduc- 
tion products on the surface is considerably faster 
than their disposal. What causes this condition is not 
clear. The only suggestion is that the lattice hardens 
and protons can no longer penetrate it (57). 

Daniel-Bek (64) has presented a different theory 
to account for the polarization and recovery of the 
MnO, electrode. He observed that the potential of 
graphite or carbon in contact with NH,C1 solution is 
very stable and is less than that of MnO.. Also, a 
mixture of MnO, and carbon in contact with NH,Cl 
solution has a smaller potential than MnO, alone. 
This was also observed by Jennings and Vosburgh 
(50). MnO, in contact with carbon and electrolyte is 
considered to constitute a short-circuited local cell. 
Such a cell is like a local cell on a metal surface, 
but with larger resistance in the electronic portion of 
the circuit. With the electrode as a whole on open 
circuit the current in the local cell is small because 
of polarization, but because of the appreciable resist- 
ance between MnO. and carbon the potential of the 
carbon is smaller than that of the MnO.. Both are 
smaller than the true open-circuit potential of the 
MnoO.. 

When the MnO, electrode is discharged the 
potential of the carbon decreases more than that of 
the MnO. and its surface (which is of low capacity) 
is partly discharged. The potential of the carbon de- 
termines the measured potential of the electrode as a 
whole. When the external circuit is broken the car- 
bon must be recharged by the local-cell current 
before a steady state is reattained. 

The theory of Daniel-Bek accounts qualitatively 
for the polarization and recovery of the MnO, elec- 
trode and is in accord with the effect on the electrode 
behavior of variation of the surface area of the car- 
bon. It seems probable that both this and the theory 
based on the changes in composition of the MnO, will 
need to be taken into account in a complete theory 
of the MnO, electrode process. 

A mechanism has been proposed by Cahoon and co- 
workers (55, 58) that differs somewhat from the one 
described above. They consider the MnO, to be re- 
duced electrochemically directly to Mn** which 
passes into solution. The Mn* then reacts with 
MnO, to give MnOOH, or with MnO, and Zn* to give 
hetaerolite. This is quite similar to the mechanism of 
Brenet (42). He considers that the electrochemical 
reaction is reduction to Mn” within the MnO. lattice. 
The Mn” passes into solution (but not necessarily 
immediately) and forms Mn(OH), which is oxidized 
to MnOOH. More research is needed to reconcile the 
different theories that have been proposed. 
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The failure of silver-zine storage batteries is gen- 
erally caused by the negative electrode, and less 
often by the separator or the positive electrode 
(1, 2). Both silver and zinc have isotopes with suit- 
able hard gamma radiation and half-life of about °4 
year; consequently these isotopes can be used easily 
for labelling of electrodes. This fact induced us to 
employ Zn“ and Ag’ isotopes for the purpose of life 
tests and for investigating processes taking place 
during storage of the cells. 

Our method was based on the hypothesis that, if 
Zn“ isotope is deposited on one of the negative 
plates of the cell, then the path of the ions while 
cycling can be followed by the aid of the radioactive 
contamination of the surface of the nonlabelled 
plates. The same principle was used to label with 
Ag’ isotope the positive electrode of experimental 
cells and to follow the path of the dissolved silver 
ions. 

The experiments were performed with cells of 10 
amp-hr nominal capacity. Both the zine and the 
silver isotopes were deposited on the electrodes by 
electrolysis. The quantity of the deposited isotope 
was controlled partly by measuring the activity 
change of the electrolysis solution and partly by 
measuring the activity on the electrode itself, with 
a cylindrical GM-tube, as well as by the autoradio- 
graphic method. 

The investigations were performed with cells as- 
sembled in three different ways: loosely, normally, 
and more tightly than normal. Each cell contained 
only one labelled (positive or negative) plate. After 
formation, some of the experimental cells were 
cycled and the others were subjected to storage. One 
charging-discharging cycle lasted 24 hr. After each 
tenth cycle a measuring discharge was performed. 


Investigations on the Silver-Zinc Alkaline Storage Battery 
by the Aid of Radioactive Isotopes 


Theodore Z. Palagyi 


Central Research Institute for Chemistry, Hungarian Academy of Sciences, Budapest, Hungary 


As far as possible examinations were performed 
simultaneously on the cells assembled in the three 
different ways. The cells were opened after the first 
20 cycles and after each 20 subsequent cycles, and 
the degree of contamination of the individual plates 
with isotope was examined. Then the electrodes were 
replaced in the cells and the cycling was continued, 
with the exception of the tightly assembled cells in 
which the electrodes could not be replaced. 

On the basis of contamination with isotope of the 
nonlabelled electrodes, our experiments show that 
the zinc ions dissolved from the labelled negative 
plate can reach not only the other negative plates 
but the positive electrodes too. The degree of migra- 
tion of the zine ions considerably depends on the 
mode of building in of the electrodes and on the: 
quantity of the electrolyte; in tightly assembled cells 
having little electrolyte the migration of the zinc ions 
is of lower degree. The failure of the loosely as- 
sembled cells was usually caused by coming to an 
end of the reversibility of the negative electrode as 
well as by the formation of acicular zinc crystals, 
resulting in short circuit. Failure of the tightly as- 
sembled cells was caused rather by the separator 
losing its insulating properties; moreover, the active 
material of the positive electrode dissolved and 
reached the negative electrode. Our investigations 
with Ag’ isotope related to this problem and to the 
storage of cells are still under way. 
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Current Affairs 


Award of the 
Palladium Medal 
to 


A. N. Frumkin 


Aleksandr Naumovich Frumkin will receive the fifth 
impression of the Palladium Medal on October 18, 
1959, at the Fall Meeting of The Electrochemical Soci- 
ety to be held in Columbus. 

Professor Frumkin is a member of the Academy of 
Sciences of the U.S.S.R., Professor of Electrochemistry 
at the University of Moscow (a Chair held for twenty- 
five years), and Director of the Electrochemical Insti- 
tute of the U.S.S.R. He is undisputedly the leading 
figure in electrochemistry at the present time and his 
influence is felt in practically all fields associated with 
electrified interfaces. His work has already been recog- 
nized by the Soviet Government, who have given him 
eleven awards between 1931 and 1955. 

Frumkin’s earliest work (about 1916) concerned the 
theory of adsorbed layers and equations of state for 
these films. His most well-known early paper is prob- 
ably that on the effect of the electrokinetic potential 
on the concentration of hydroxonium ions in the Helm- 
holtz double layer. He introduced, in this way, the re- 
lation between the structure of the electric double 
layer and the kinetics of reactions at electrified inter- 
faces, a subject to which the major contributions have 
been made by the Russian school. Work from Frum- 
kin’s groups contributed much to the clarification of 
the nature of the potential of the electrocapillary max- 
imum. Associated studies of the double layer capacity 
showed for the first time the vital necessity of creating 
clean surfaces in such studies. Studies of adsorption 
at the solid-solution interface were attempted (con- 
tact angle): this work gave rise to improved insight 
into the nature of wetting at the solid-solution interface. 
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A. N. Frumkin, 1959 Palladium Medalist 


The most extensive studies carried out by Frumkin 
relate to that central electrochemical reaction, the hy- 
drogen evolution reaction, in which the rate-controlling 
proton discharge reaction on mercury from aqueous 
acid solutions was established with considerable cer- 
tainty, and against appreciable opposition. 

The theory of mixed electrodes was examined by 
Frumkin as early as 1941 and these studies contributed 
much to the understanding of current distribution at 
corroding materials. 

Lastly, it must be pointed out that these very con- 
siderable achievements, selected from many others of 
comparable importance, concern only those contributed 
by Frumkin and those working under his immediate 
supervision. As Director of an Institute with about one 
hundred electrochemists studying fundamental rrob- 
lems (under Frumkin and a number of eminent elec- 
trochemists who assist in the supervision of the re- 
search), Frumkin has inspired the creation of a 
great outpouring of electrochemical studies from the 
Soviet Union, which have multiplied as the large num- 
bers of co-workers who passed through his group 
fructified the work of other groups, both in research 
institutes and industry. In this connection, leading con- 
tributions have been made to the field of mass trans- 
port, corrosion inhibition, hydrogen embrittlement, 
wetting, flotation and batteries. Of the many electro- 
chemists of international repute who have emanated 
from Frumkin’s laboratory, a few of those best known 
in the West may be named as: Bagotsky, Burshstein, 
Erschler, Dolin, Jofa, Kabanov, Kolotyrkin, Levich, 
Levina, Lukovstev, Slygin, and Temkin. 

At the age of sixty five, Frumkin is busily at his 
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work of directing research in Moscow and in the new 
Institute of Electrochemical Studies in Siberia. To 
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those who have met him in recent years, it is clear that 
he is at the height of his powers.—J.O’M.B. 


Columbus Meeting, October 18-22, 1959 


C. L. Faust 


The Fall Meeting of The Electro- 
chemical Society will be held in 
Columbus, Ohio, from October 18 
through 22, 1959. Headquarters will 
be at the Deshler Hilton Hotel with 
several sessions of the program at 
the nearby Neil House Hotel. The 
complete program appeared in the 
August JOURNAL, pp. 189C-213C. 

The Columbus Section Committee 
arranging for the meeting is under 
the General Chairmanship of C. L. 
Faust. Those responsible for partic- 
ular aspects are: Vice-Chairman and 
Hotel Arrangements, C. A. Snavely; 
Finance, R. W. Hale; Registration, 
L. D. McGraw; Entertainment, J. H. 
Winkler; Publicity, R. E. Durtschi; 
Tours, N. H. Keyser; Transportation, 
E. M. Sherwood; and Ladies’ Pro- 
gram, Mrs. F. W. Fink. 


C. A. Snavely 


R. W. Hale 


Several events are planned for all 
registrants. 


General Mixer 

On Monday evening, October 19, 
an informal buffet supper will be 
held at Valley Dale Country Ball- 
room. Cocktails will be served before 
the buffet, and entertainment is 
planned for later in the evening. 
Special buses will leave the head- 
quarters hotel at 5:45 P.M. and re- 
turn after the entertainment. 


Palladium Medal Address 

The Palladium Medal Address by 
Professor A. N. Frumkin, Institute of 
Electrochemistry, the Academy of 
Sciences of U.S.S.R., Moscow, is 
scheduled for Tuesday, October 20, 
at 4:00 P.M. in the Ballroom, Deshler 
Hilton Hotel. 


Pon 
ye 


L. D. McGraw 


Reception and Banquet 

The Palladium Medal Award Ban- 
quet is scheduled for Tuesday eve- 
ning, October 20; cocktails will be 
served from 6:30 to 7:30 P.M. in the 
Ballroom Foyer. Professor A. N. 
Frumkin will receive the Award at 
the banquet. 


Informal Buffet 
The Wednesday evening feature 
will begin with cocktails in the Ball- 
room at 6:30 P.M., followed by a 
buffet supper and an informal pro- 
gram. 


Division Luncheons and Business 
Meetings 
Four Divisions have scheduled 
luncheon-business meetings at 12:15 
P.M. as noted: Battery Division, 


Aerial view of Columbus, looking northwest and showing the downtown area and outlying districts. In the background is the 
LeVeque Lincoln Tower; to the left, the Department of State Building; and, across the Scioto River, the Franklin County Veterans 


Memorial Building. 


i 
ta 
Re: 


J. H. Winkler 


Tuesday, October 20, in Private Din- 
ing Room 10; Electro-Organic Divi- 
sion, Tuesday, October 20, in Room 
307; Electrodeposition Division, Wed- 
nesday, October 21, in the Spanish 
Room; Corrosion Division, Thursday, 
October 22, at the Neil House in Mez- 
zanine Parlor 4. 


Plant Trips 

Several interesting plant trips are 
planned for this meeting. Trips are 
scheduled to Industrial Nucleonics, 
and the Ohio State University Re- 
search Foundation. Also planned are 
inspection trips through the Battelle 
Memorial Institute Laboratories in 
Columbus, and Battelle’s Nuclear Re- 
search Center located near Columbus. 

Detailed information will be avail- 
able at the registration desk. Please 
register early in the week for these 
trips, as attendance will be limited. 


Ladies’ Program 
A program with the entertainment 
and comfort of the ladies in mind 
has been arranged. 
A morning Coffee Hour at the 
Ladies’ Headquarters, Rm. 212, will 


In a recent issue of the Journal,’ it 
was announced that the Society had 
received a bequest from the estate 
of the late Azariah T. Lincoln. Since 
Professor Lincoln was 89 at the time 
of his death, March 31, 1958, there 
are probably very few members of 
our Society who are familiar with 
his work and accomplishments. The 
purpose of this article is to aquaint 
readers of the JOURNAL with the ca- 
reer of this long-time member (since 
1902) of our Society. 

Azariah T. Lincoln was a true son 
of Wisconsin. He was born in the 
small mining village of Montfort 


1 This Journal, 106, 104C (1959). 


R. E. Durtschi 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


be a daily event from 10:00 to 11:00 
A.M., except on Wednesday. 

On Monday at 12:30 P.M., the 
ladies will be taken by bus to the 
Ohio Union on the Ohio State Uni- 


Mrs. F. W. Fink 


versity campus where lunch will be 
served. After the luncheon, there will 
be a talk on flower arrangements 
followed by optional tours of the 
Ohio Union, the Ohio State Museum, 
and the Department of Horticulture. 

On Tuesday following a luncheon 
at 1:00 P.M. at the Columbus Athletic 


Azariah Thomas Lincoln (1868-1958) 


where he received his early school- 
ing. He took County Teachers Exam- 
inations and earned successively the 
third, second, and first grade teacher’s 
certificates.* He taught one year in a 
rural school and then secured a posi- 
tion as principal of a small village 
school. In order to work for the 
State Teacher’s Certificate, he at- 
tended the University of Wisconsin 
for a year as a special student and 
again went back to teaching. He then 
passed the State Board examinations 
and secured the State Teacher’s Cer- 
tificate. A special interest in geology 


2H. S. Van Klooster, Rensselaer Polytech. 
Inst. Bull., Eng. Sci. Ser., No. 65, 1-8 (1951). 


N. H. Keyser 


September 1959 


E. M. Sherwood 


Club, the folk singing of Mrs. Anne 
Laylin Grimes will be enjoyed. 

On Wednesday, October 21, buses 
will leave the Hotel at 10:00 A.M. to 
take the ladies to Ilanka’s Provincial 
House, where they will partake of 
a complimentary brunch. A bus tour 
to the Ericson Glass Works at Bre- 
men will start from there and occupy 
most of the afternoon. 

Thursday, to top off the ladies’ 
program, at 11:30 A.M. the ladies are 
invited to an informal sherry party 
at the home of the Chairman of the 
Ladies’ Program, Mrs. F. W. Fink. 

In addition to the preceding pro- 
gram, the ladies are cordially invited 
to all of the general functions. 


Change in Committee 
Meeting Schedule 


The meeting of the Membership 
Committee will be held on Monday, 
October 19, at 12:15 P.M., in the 
Private Sky Room, instead of Wed- 
nesday, October 21, at 5:00 P.M. in 
Private Dining Room 10 as listed in 
the August issue of the JOURNAL con- 
taining the Columbus Program. 


induced him to return to the uni- 
versity, and he graduated in June 
1894 with a major in geology and a 
minor in chemistry. A position in 
geology was not available at that 
time so he returned to teaching. He 
did, however, spend the summers as 
an assistant in the chemical labora- 
tory at the university and, as a re- 
sult, he received a fellowship in 
chemistry. In his graduate work, he 
majored in chemistry and minored 
in mathematics and geology. 

In June 1899, Lincoln received the 
first Ph.D. degree in chemistry ever 
awarded by the University of Wis- 
consin. His major professor was Dr. 
Louis Kahlenberg (1870-1941) who 
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was President of our Society in 1930. 
In the 1890’s, there was considerable 
controversy regarding the Arrhenius 
Theory of Flectrolytic Dissociation 
and it is not surprising that the two 
publications resulting from Lincoln’s 
doctoral research are titled “The Dis- 
sociative Power of Solvents” and 
“The Electrical Conductivity of Non- 
aqueous Solutions.”* Pyridine and 
various alcohols and aldehydes were 
some of the solvents used, and ferric 
chloride, silver nitrate, and antimony 
trichloride were among the solutes 
used. Lincoln concluded that the ex- 
perimental results “. . . make it ap- 
parent that any theory that aims to 
explain electrical conductivity of 
solutions in general, must take into 
consideration the influence of the 
solvent on the dissolved substance.” 

Dr. Lincoln’s professional contri- 
butions were primarily in the field 
of education. His first position was 
that of private research assistant to 
Professor Wilder D. Bancroft at Cor- 

%L. Kahlenberg and A. T. Lincoln, J. Phys. 


Chem., 3, 12 (1899). 
*A. T. Lincoln, ibid., 3, 457 (1899). 
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A. T. Lincoln 


nell. He then taught general chem- 
istry at the University of Cincinnati 
and, from 1903 to 1907, he was in- 
structor and then assistant professor 
at the University of Illinois where he 
married Jennette Carpenter. In 1907, 
Dr. Lincoln joined the staff of Rens- 
selaer Polytechnic Institute and, in 
his 14 years there, he helped with the 
organization of a four-year course in 
chemical engineering and taught 
various courses including physical 
chemistry and general chemistry. 
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In 1921, Dr. Lincoln accepted a 
position at Carleton College, North- 
field, Minn., and, two years later, he 
becane head of the chemistry de- 
partment. During his career there, 
he had the satisfaction of seeing 
about 45 of his chemistry majors 
earn the Ph.D. degree in chemistry at 
15 different graduate schools.’ Dr. 
Lincoln retired in 1939 but continued 
to reside in Northfield. He estab- 
lished a small business manufactur- 
ing plastic shrub and plant markers 
and a _ weather-resistant indelible 
ink.* In May 1950, he lectured to the 
Wisconsin Section of the American 
Chemical Society on “Researches in 
Chemistry at the Turn of the Cen- 
tury.” Among Dr. Lincoln’s list of 
about 25 publications® are the follow- 
ing books: “A Textbook of Physical 
Chemistry,” “General Chemistry,” 
“Laboratory Manual of General 
Chemistry,” and “Exercises in Ele- 
mentary Quantitative Chemical Anal- 
ysis.” 


—M. L. Holt 


Power for Outer Space is Featured in Thirteenth 
Annual Power Sources Conference 


More than 1000 representatives of 
the power sources industry attended 
the Thirteenth Annual Power Sources 
Conference at Atlantic City, N. J., on 
April 28, 29, and 30, 1959. Because 
much of the material discussed is not 
readily available elsewhere, a fairly 
complete summary of the meeting is 
being given here. 

Each year, under the direction of 
Mr. Arthur F. Daniel, director, and 
Mr. David Linden, deputy director, 
Power Sources Division, the U. S. 
Army Signal R&D Laboratory, Fort 
Monmouth, N. J., sponsors this con- 
ference, at which progress on battery 
research and development is pre- 
sented to representatives of govern- 
ment, industry, universities, and for- 
eign governments. Session chairmen 
during the three-day conference 
were: Mr. Upton B. Thomas, Bell 
Telephone Laboratories; Mr. Sidney 
J. Magrum, Army Research Office; 
Mr. Arthur F. Daniel, Col. Leon J. D. 
Rouge, Mr. W. L. Doxey, Mr. David 
Linden, Mr. Charles H. Clark, Dr. 
Adolph Fischbach, USASRDL. 

The opening paper was given by 
Mr. Nelson W. Snyder, Advanced Re- 
search Projects Agency, who stated 
that entirely new ideas or new con- 
cepts, either based on what is already 
known in science or what is yet to be 


discovered, will increase the number 
of possibilities of power systems for 
space. Applied scientists in industry 
and in universities must help in de- 
veloping new materials, new con- 
cepts, new theories, and interpret 
the voluminous, complex information 
that is flowing from the pens of 
fundamental scientists. We are 
searching for methods to perform 
tasks that are far beyond our present 
experience. 

During the session on nuclear en- 
ergy sources, Mr. William Crane, The 
Martin Co., spoke on the utilization 
of waste fission products as a source 
of energy. He reported that, in 1956, 
the radioisotope sales by the U. S. 
Atomic Energy Commission amount- 
ed to only 16,000 curies, but it is pre- 
dicted that by 1975 twelve billion 
curies of fission products, amounting 
to 50 mw of power, will be lost unless 
a method is developed to use these 
products. Practical applications for 
these waste products can be devel- 
oped in the next year which will use 
safely all of the Sr-90 and prome- 
theum produced in today’s reactors. 
A 100 w electrical power unit has 
been designed that operates at an 
over-all efficiency of 5% for the con- 
version of heat to electrical energy. 
Calculations indicate that such power 


packs can be built today with the 
Sr-90 available, in size from 5 to 
500 w of electrical energy. The de- 
velopment of a coplanar electron tube 
has made possible the application of 
heat directly to the cathode to supply 
the heat necessary for operation of 
the tube. This application of heat di- 
rectly to the cathode avoids the use- 
less cycle of taking the heat gen- 
erated by the isotope, converting it 
to electricity, at the loss of 90% of 
the energy. The direct use of thermal 
energy minimizes power require- 
ments of equipment and reduces the 
quantity and cost of the isotopes 
used. Another and more conventional 
application of isotopic heat is the use 
of this thermal energy to winterize 
equipment for arctic use. 

Dr. Emil Kittl, USASRDL, spoke 
on “Design Considerations for Nu- 
clear Power sources,” and the role 
that thermonuclear batteries will 
play in filling the existing gap be- 
tween short-life, high-power-rate 
chemical batteries and extreme 
long-life, low-power-rate solar bat- 
teries. 

Among those who presented papers 
during the symposium on thermal 
energy conversion was Mr. A. D. 
Steele, Minnesota Mining and Manu- 
facturing Co., who reported that ef- 
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fort is being directed to develop the 
use of radioisotope heat in conjunc- 
tion with static energy conversion 
devices. This device, a thermoelectric 
generator, operates rather simply. 
Heat is created by the capture, in a 
small, cylindrical metal container, of 
the alpha particle emitted by polo- 
nium 210. The semiconductor ther- 
moelectric conversion p- and n-type 
elements connected in series extend 
radially away from the fuel con- 
tainer to cold junctions along the in- 
side of the outer shell of the device. 
A Seebeck electromotive force is 
generated at the cold junctions of 
each couple, all of which are con- 
nected in series. The outer container 
serves as the radiator. The experi- 
ence gained seems to indicate that 
the joining of thermoelectricity and 
nuclear energy will be practical. 

Dr. Clarence M. Zener, Westing- 
house Electric Corp., described a 
procedure for computing the thermal 
efficiency of a thermoelectric gener- 
ator. Based on this procedure and 
certain design considerations, he be- 
lieves that thermal efficiencies to 
35% will be achieved with a three- 
stage thermal electric generator 
within the foreseeable future. 

The final speaker during this sym- 
posium was Mr. Robert J. Denington, 
Thompson Products, Inc. He stated 
that mercury vapor cycle engines 
operating at 1200°F are particularly 
light in weight and will be less than 
10 Ib/kw output for plants larger 
than 200 kw without shielding. In- 
creasing temperatures for the mer- 
cury engine or using a rubidium 
cycle engine at 1800°F or above 
would make 7 |b/kw attainable, and 
lightweight radiator designs would 
yield a similar result. 

The afternoon session on the first 
day was devoted to solar energy 
sources Mr George Hunrath, 
USASRDL, discussed in detail the 
investigation of a solar energy con- 
version system utilizing the silicon 
p-n junction type photovoltaic cell, 
and electrochemical storage batteries 
for possible use in space vehicles. It 
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is seen that a blocking diode is neces- 
sary to prevent any parallel groups 
of cells which are on the dark side of 
the satellite from loading down the 
illuminated groups and to prevent 
the battery from discharging into the 
groups of cells when the satellite is 
in the dark region of the orbit. The 
transmission losses through clear and 
sandblasted windows, intended for 
use as protective covers of solar cells, 
were determined. Results indicate a 
6.5% loss through a clear window 
and a 20% loss through a sandblasted 
window. Data show that, as the cell 
temperature increases above 25°C 
(reference point), there is a loss in 
cell voltage at the rate of 1.9 mv/°C. 
There is also a loss in output power 
at the rate of 0.48%/°C. This latter 
figure has been found to vary some- 
what with different cells. Conclu- 
sions drawn from a radiation damage 
study show that the only radiations 
which produced observable damage 
were 2 mev electrons, 20 mev pro- 
tons, and 40 mev alpha particles. The 
total flux required to reduce the out- 
put of the cell to 75% of its initial 
value was very high. 

Mr. Joseph J. Loferski, Radio Corp. 
of America, reported on a program 
designed to investigate potentially 
better semiconductor materials for 
p-n junction photovoltaic solar cells. 
The work has been concentrated on 
GaAs, with some parallel work con- 
tinuing in InP. The maximum effi- 
ciency (ratio of output electrical 
power to input solar power) actually 
attained in GaAs cells lies between 5 
and 6% for cells whose area is a few 
tenths of a square centimeter. 

Mr. William Cherry, USASRDL, 
followed Mr. Loferski and discussed 
large area solar cells and stated that 
silicon, by far the most developed 
cell to date, is being produced in 
large quantities with efficiencies of 
10% and greater with areas of 2 cm’. 
Some individual cells have shown 
efficiencies in excess of 14% and it is 
anticipated that eventually produc- 
tion quantities of 15% efficient cells 
will become available. The solar con- 
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verter of the future might be de- 
scribed as a “photovoltaic rug” and 
measure several square feet in area. 
An insulating substrate, such as spun 
glass or plastic, would have plated 
metallic contacts around each end. 
First an n-type semiconductor base 
material a few microns thick is evap- 
orated, sprayed, or painted on the 
surface with appropriate masking, 
making contact to one of the metallic 
contacts but not the other. Next, a 
p-type film is laid down over the 
n-film, but this time contact is made 
to the opposite metallic film only. 
To improve carrier collection effi- 
ciency and reduce series resistance, 
ohmic contact strips must be made to 
the p-type or solar exposed surface. 
Holes drilled through the end metal- 
lic films and fasteners used in con- 
junction with metallic shorting bars 
enable the connection of the “rugs” 
in series and/or parallel. Such a 
system can be rolled for ease of 
transportation or ejecting into outer 
space, then spread out on the ground, 
on roofs, or above the atmosphere. 

Dr. M. E. Lasser, Philco Corp., re- 
ported that recent studies on photo- 
galvanic batteries indicate that both 
the method of preparation of Ag—Ag 
halide electrodes and the composition 
of the adjacent electrolyte are the 
major factors determining the rate of 
recombination of the photochemical 
reaction products. Under the opti- 
mum conditions found thus far, 
photogalvanic currents equivalent to 
quantum yields of 2 to 5% could be 
obtained. Experimental cells con- 
sisted of one bare Pt electrode and 
one thin Pt sheet covered with solidi- 
fied melts of AgCl or AgBr about 5 
to 20 uw thick immersed in a solution 
of 0.01M Fe** +0.001M Fe in 0.1M 
HC! or HBr, repsectively. Upon illu- 
mination, the Pt-AgCl or Pt-AgBr 
electrodes behave like Ag electrodes 
provided that proper care is taken 
in the electrode preparation to re- 
duce the porosity of the melt and to 
avoid undesirable impurities. 

The final speaker on the first day 
was Dr. Maria Telkes, Curtiss-Wright 
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Corp., who discussed the collection 
and concentration of solar energy 
for thermal applications, and re- 
ported that “selective black” coatings 
have been developed recently which 
absorb the rays of the sun, but are 
completely transparent or reflective 
in the range longer than 2.5 u. In this 
way, thermal re-radiation can be 
diminished. Flat-plate solar heat col- 
lectors have been constructed and 
evaluated for heating water. These 
collectors use black plates with water 
circulating pipes attached to them, 
contained in a well-insulated box 
and covered by glass panes. One 
glass pane of the best quality “water 
white” glass reflects about 8%, ab- 
sorbs 2%, and transmits 90% solar 
energy at optimum incidence. Re- 
cently developed plastics containing 
fluorine, such as trithene or teslar, 
transmit 95% solar radiation. Con- 
siderable work has been carried out 
with spherical parabolic reflectors. 
Practical concentration ratios in ex- 
cess of 10,000 can be obtained, ap- 
proaching a theoretical possible effi- 
ciency of 60 to 70%. 

Secondary batteries were discussed 
at the opening session on the second 
day. Using cathodes consisting of 
porous nickel or cadmium plaques, 
Dr. Von Dohren, Accumulatoren 
Fabrik A. G., was able to determine 
the dependence of the rate of oxygen 
reduction on the oxygen pressure 
and the applied potential. In all ex- 
periments, an immobilized electro- 
lyte was used and the temperature 
was kept constant. At constant po- 
tential, a linear relationship of the 
rate of oxygen reduction with pres- 
sure was found in the pressure range 
of 2 to 7 kg/cm’*. At constant pres- 
sure, the O.- reduction rate increases, 
when more negative cathodic poten- 
tials are applied. Electrodes contain- 
ing cadmium show distinct steps in 
the rate of O. reduction at the Cd/ 
Cd(OH).- potential, which is due to 
a compact layer-formation of cad- 
mium hydroxide. With electrodes 
containing both cadmium and nickel, 
the method used by Dr. Von Dohren 
allows a discrimination between the 
different fractions of the effective 
surfaces of both components at which 
the reduction takes place. Electrodes 
containing metallic cadmium will 
furnish the necessary electrons for 
the O.- reduction on its own, forming 
Cd(OH). in equivalent amounts, and 
for this reaction no external current 
is necessary. 

Mr. A. W. Speyers, Vitro Lab- 
oratories, stated that three types of 
alkaline battery testers have been 
developed successfully. One of these 
testers is designed for field use to 
indicate the state-of-charge of either 
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the type BB401/U or the BB406/U 
nickel cadmium battery. Initially, 
these batteries are discharged at a 
fixed rate, for a period of 24 sec, fol- 
lowed by a controlled charge for 84 
sec, and then a 12-sec discharge. The 
rated discharge voltage of the 
BB401/U is 28 v, while the BB406/U 
is 20 v. Tests on the BB401/U battery 
indicate the optimum currents are 10 
amp discharge and 5 amp charge in 
order to detect batteries that are not 
100% charged. 

Dr. Herbert Hunger, USASRDL, 
opened the afternoon session on fuel 
cell batteries. He gave a general re- 
view of the status of fuel cells, and 
pointed out their potentialities and 
the variety of their problems. Ac- 
cording to Dr. Hunger, a broad area 
of application both military and in- 
dustrial is open for the continuously 
fed battery or fuel cell, ranging from 
portable electrical power sources to 
space sources, and its commercial ap- 
plications seem to be closer than ever 
before. 

Dr. G. E. Evans, National Carbon 
Co. Research Laboratories, stated 
that progress in electrode prepara- 
tion can be summarized by pointing 
out that present fuel cells show 
better voltage-current curves at at- 
mospheric pressure than was achieved 
a year ago at 150 psig. Another major 
breakthrough has been the improve- 
ment in low-temperature perform- 
ance. Cells have been produced which 
yield useful power down to about 
20°C, so that batteries can now heat 
themselves from normal room tem- 
perature up to the preferred range 
of 50° to 70°C. The open circuit volt- 
age for recent cells is about 1.1 v 
compared to a voltage of 0.5 v at 40 
ma/cm’ a year ago. 

The redox cell appears to be close 
to practical exploitation for military 
applications in the near future, and 
later for commercial applications, ac- 
cording to Dr. Max L. Feldman, Gen- 
eral Electric Co. A cell system was 
operated continuously for a period of 
16 days in various modes of dis- 
charge and charge. The maximum 
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power was slightly over 100 w, al- 
though the voltage efficiency was 
rather poor due to the high internal 
resistance of the cells. 

A second redox type of fuel cell 
battery was reported on by Dr. M. 
Eisenberg, Lockheed Aircraft Corp. 
Dr. Eisenberg stated that, on the 
basis of theoretical kinetic con- 
siderations, three fundamental cri- 
teria are given for the selection of 
suitable redox couples and of their 
combinations for the design of elec- 
trochemical fuel cells: 1. couples 
should have a large difference in 
their respective equilibrium potential 
values; 2. each of the redox couples 
should have an inherently high ex- 
change current density, i., in order 
to minimize chemical polarization 
losses; 3. the couples (and the sup- 
porting electrolyte systems) should 
have large ionic diffusion coefficients, 
and low kinematic viscosities to en- 
able the achievement of high rates of 
mass transfer for a given cell geom- 
etry and mode of convection. Under 
these conditions, the desirable high 
limiting current densities and low 
concentration polarization values 
should be obtained. 

At the morning session on the 
final day, primary batteries were 
discussed. Mr. John MHovendon, 
USASRDL, reported on a program 
involving the battery fabrication and 
testing facilities of four members of 
the battery industry and the test 
facilities at USASRDL. The objec- 
tives of this program are to ascertain 
the present “state of the art” and the 
individual company’s capability re- 
garding the manufacture of paper- 
lined dry cell batteries; and to ob- 
tain characteristic performance data 
of sufficient magnitude to permit a 
sound statistical analysis and evalu- 
ation to support subsequent adoption 
of this structure as a_ standard 
item for military procurement. At 
USASRDL, it was found that the 
average capacity retention for all 
batteries tested after three months’ 
storage at 113°F—50% R. H. is 93%; 
after twelve months’ storage at 70°F 
—50% R. H., capacity retention is 
89%. Additional study must be ap- 
plied to the Leclanché system in 
order to realize its full capacity, but 
there is little doubt that, within a 
short time, the shelf life of this bat- 
tery will be quoted as three to five 
years with 90% capacity mainte- 
nance. 

The next paper was presented by 
Mr. John Paulson, Ray-O-Vac Co., 
who spoke of the development of a 
BA-2270/U battery of the Leclanché 
type in which a flat cell construction 
was employed. Current work has 
been directed toward the construc- 
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tion of test lots of this battery on a 
pilot line scale. This battery is made 
up from multiple-cell strips which 
are accordion-folded and assembled 
into one stack to form the completed 
battery. The A-section cells are all 
connected in parallel to give a nomi- 
nal 1.5 v. The B-section cells are in 
series, the section having 45- and 
90-v taps. The A-section anodes are 
connected in parallel by means of a 
ribbon of metal foil. The mix cakes 
for the A and B, sections are tamped, 
while the much thinner cakes for the 
B, section are formed by coating the 
wet mix onto a woven supporting 
screen. Initial capacities in both the 
A and B sections are 8+ hr. An ac- 
celerated shelf test is conducted at 
113°F for one month at which time 
the battery is tested at —40°F. Re- 
sults of this test indicate capacities to 
around 60% of initial. 


Mr. R. Glicksman, Radio Corp. of 
America, discussed a research and 
development program to develop im- 
proved primary batteries utilizing 
organic compounds as the active 
electrode components. Of the various 
heterocyclic nitro compounds studied, 
the nitropyridines appear to be the 
most promising. In general, it was 
found that nitropyridine compounds 
operate at potentials 0.05-0.15 v 
higher than their corresponding ni- 
trobenzene derivatives and have 
comparable electrode _ efficiencies. 
When these heterocyclic nitro com- 
pounds are coupled with a magne- 
sium anode, dry cells can be made 
which have higher cell operating 
voltages than the magnesium-nitro- 
benzene cells. In addition, the 
favorable half-cell potential dis- 
charge curve of compounds such as 
4-nitropyridine in NaOH electrolyte 
indicates the possibility of using 
these cathode materials with a zinc 
anode to form a practical dry cell 
couple. 


The final session of the three-day 
conference was devoted to high-rate 


batteries. Mr. Charles E. Bowland, 
Gulton Industries, discussed the de- 
velopment of a battery voltage regu- 
lator that can be used with high-rate 
batteries that is transistorized 
package to work in conjunction with 
batteries to maintain a fairly con- 
stant line voltage over a wide range 
of input voltages and temperature, 
while being subjected to shock and 
vibration. With a battery supply 
voltage that drops off as much as 20- 
30%, outputs can be maintained 
within +2% of nominal. The output 
of the battery is connected to the 
voltage regulator which is in series 
with the load. As the output voltage 
begins to decay from nominal, a 
sensing circuit, composed of temper- 
ature-stabilized Zener diodes, de- 
tects this change and sends an error 
signal to the regulator which adds 
voltage to the output, reducing the 
error to zero. This approach has 
proved extremely successful and has 
given the battery a considerably 
longer useful life. Extremely effi- 
cient, values in excess of 90% are 
standard with power levels up to 
115 w. 


Mr. Kenneth R. Scribner, Eastman 
Kodak Co., discussed the subject of 
ammonia chemistry and outlined the 
ammonia battery concept in general. 
Due to the lack of available litera- 
ture, Eastman Kodak has been con- 
ducting its own research program in 
the field of ammonia chemistry nec- 
essary to a battery development pro- 
gram. The choice of electrochemical 
constituents which will produce a 
practical battery in the ammonia sys- 
tem is as wide, if not wider, as that 
in the aqueous system. Combinations 
of constituents and variations in the 
mechanical parameters of cell con- 
struction, such as salt concentration, 
type of separators, and others, have 
allowed the assembly of a variety of 
batteries differing widely in their 
size, configuration, and rate of dis- 
charge. 
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The concluding results of the reli- 
ability program for Battery BA-472- 
( )/U were given by Mr. Nicholas 
Wilburn, USASRDL. The modified 
test to failure program conducted for 
this battery has many advantages. 
Its total cost was relatively low. Each 
component of the battery has large 
environmental safety factors to pro- 
vide for emergencies where the spec- 
ified environmental stresses may be 
exceeded; and the use of qualified 
components in other batteries leads 
to the ideal situation where each suc- 
ceeding reliability program, involv- 
ing a given basic design, becomes 
simpler, less costly, and faster to per- 
form. These demonstrated advan- 
tages lend much support to the selec- 
tion of the modified test-to-failure 
concept for the development of reli- 
able batteries or any other missile 
component. 

Mr. Martin Klein, USASRDL, 
made the first public disclosure of 
the principles of a device for the 
movement of electrolyte in automat- 
ically activated batteries by pressure 
differential. This device is applicable 
for all reserve-type batteries using 
liquid electrolyte. The development 
of these devices is expected to over- 
come the present problems of weight 
and volume, low heater efficiency, 
and permit optimum operation of 
extremely high electrolyte velocity. 
In principle, the proposed devices 
will have all of the characteristics 
of the ideal automatic activating de- 
vice. In the new device, the electro- 
lyte is maintained in the reservoir 
under the pressurized inert gas, and 
activation is accomplished by open- 
ing an electrolyte path to the battery 
either manually or remotely by an 
electrically activated diaphragm. The 
electrolyte will then be pushed down 
uniformly by the expanding gas into 
the battery. The electrolyte velocity 
will be dependent upon the size of 
the orifice, the ratio of the initial gas 
and electrolyte volume, and upon the 
initial gas pressure. Either slow or 
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rapid activation should be possible. 
The geometrical shape of the reser- 
voir will have practically no effect on 
the operation of the system. One 
method for heating these batteries is 
to place the heating elements for ac- 
tivating the battery directly in the 
electrolyte where all of the heat may 
be absorbed by the electrolyte. 


Mr. C. F. Gerhan, Willard Storage 
Battery Division, stated that the in- 
herent advantages of the zinc-silver 
oxide battery can be expanded by 
providing the basic battery with an 
automatically activating device. This 
device can incorporate a low-pres- 
sure system which will rapidly and 
uniformly fill the battery, changing 
it from a completely dormant state to 
a fully active state in less than one 
tenth of a second. Low-pressure bat- 
teries held in ambient temperatures 
of 160°F over a period of a year 
show less loss in voltage or capacity 
at high discharge rates than similar 
batteries contained in atmospheric 
pressure. Activation characteristics 
were not materially changed during 
this stand. 

The final speaker of the three-day 
session was Dr. D. T. Ferrell, Ameri- 
can Machine and Foundry Co., who 
discussed chemically heated batteries. 
In the chemically heated battery, all 
of the heat is introduced via the elec- 
trolyte, and no attempt is made to 


CURRENT AFFAIRS 


heat the battery pack directly. The 
electrolyte is heated as it passes 
through a heat exchanger interposed 
between the electrolyte reservoir and 
the battery pack. The heat exchanger 
is simply a length of copper tubing 
surrounded by a chemical heat pow- 
der. The heat powder is ignited by 
electric matches which, with a series 
wired thermostat, are connected in 
parallel with the activating squibs. 
At temperatures where heat is re- 
quired, the thermostat is closed and 
the heat powder is ignited simultane- 
ously with the activating squibs. The 
electrolyte passes through the hot 
copper tubing and is heated suffi- 
ciently to bring the battery pack to 
operating temperature. At tempera- 
tures where heat is not required, the 
thermostat is open and the heat pow- 
der is not ignited. Several batteries 
have been designed to employ this 
method of heating and some are in 
production. Two of these battery 
types each weigh 12 lb and occupy 
a volume of 186 cu in., deliver 5 
amp-hr at 28 + 4 v and are tapped at 
7 v. Design discharge current is 20 
amp; satisfactory performance is ob- 
tained from 5 to 60 amp. Over the 
temperature range from —65° to 
+165°F, activation occurs within 6 
sec. Another battery is now under 
development to demonstrate the 
feasibility of 1-sec activation at 
—40°F. 


Division News 


E & M Round Table on Methods 

of Reducing Iron Ores, Spring 1960 

The Electrothermics and Metal- 
lurgy Division of the Society pro- 
poses to hold a round-table confer- 
ence on the timely subject “Methods 
of Reducing Iron Ores” at the Spring 
1960 Meeting of the Society to be 
held in Chicago, May 1-5. The pur- 
pose of the conference is to compare 
the various nonelectric methods of 
reducing typical iron ores with one 
another, and with electric smelting 
methods. 

The conference will consist of: 


1. A number of formal papers, each 
one by a specialist in one partic- 
ular type of reduction 

2. A general discussion of the sub- 
ject. 


R. R. Rogers, Mines Branch, Dept. 
of Mines & Technical Surveys, 552 
Booth St., Ottawa, Ont., Canada, 
would be glad to receive suggestions 
as to the types of iron ore to be dis- 
cussed, the types of reduction which 
should be covered in the formal 


papers, and specialists who would be 
qualified to discuss these particular 
types of reduction. 


E & M Symposium on High-Purity 
Vanadium, Spring 1960 

Papers on the subject “High-Purity 
Vanadium—Its Preparation, Prop- 
erties, and Alloys” are being solicited 
by the Electrothermics and Metal- 
lurgy Division of the Society for a 
symposium, under the Co-Chairman- 
ship of D. J. Hansen and M. Schussler 
of Union Carbide Metals Co., at the 
Spring Meeting of the Society in 
Chicago, May 1-5, 1960. 

Topics on which contributions will 
be welcomed include: 


Resources of Vanadium Minerals— 
Domestic and Foreign 

Mining and Beneficiation of Vana- 
dium Minerals 

Techniques for Reduction to High- 
Purity Metal 

Consolidation and 
Techniques 


Fabrication 


eth 


Properties of Alloys Based on 

High-Purity Vanadium 
Applications for Ductile Vanadium 
and Its Alloys. 


Availability of ductile vanadium 
has stimulated exploratory work on 
its properties and potential uses in 
many laboratories. If enough of this 
information is presented at the sym- 
posium to warrant separate publica- 
tion, the Division will sponsor prep- 
aration of a booklet containing the 
papers and discussion. 


Titles, authors’ names, and ab- 
stracts in triplicate (not exceeding 
75 words) must be received at Soci- 
ety Headquarters, 1860 Broadway, 
New York 23, N. Y., by January 4, 
1960. Abstracts should bear the nota- 
tion “For Vanadium Symposium, 
Spring 1960,” and the name of the 
author who will present the paper 
should be underlined. Complete 
manuscripts, ready for publication in 
all details, must be given to the Sym- 
posium Chairman immediately fol- 
lowing presentation. 


E & M Symposium on Rhenium, 
Spring 1960 

The Electrothermics and Metal- 
lurgy Division is inviting papers on 
various aspects of rhenium tech- 
nology to be combined into a sym- 
posium for the Spring Meeting in 
Chicago, May 1-5, 1960. Bruce W. 
Gonser of Battelle Memorial Insti- 
tute is Chairman of this symposium. 


Although emphasis may be given 
to the extractive and physical metal- 
lurgy of rhenium, a broader cover- 
age is planned. In particular, papers 
are desired that cover recent investi- 
gations on properties, alloys, and 
development of applications. 


Rhenium is relatively expensive, 
but in recent years excellent sources 
of supply have been developed which 
are far in excess of current consump- 
tion. Some excellent and unique 
properties indicate that more 
rhenium could be used advantage- 
ously if it were better known. 


Titles, authors’ names, and ab- 
stracts in triplicate (not exceeding 
75 words) must be received at Society 
Headquarters, 1860 Broadway, New 
York 23, N. Y., by January 4, 1960. 
Abstracts should bear the notation 
“For Rhenium Symposium, Spring 
1960,” and the name of the author 
who will present the paper should be 
underlined. Complete manuscripts, 
ready for publication in all details, 
must be given to the Symposium 
Chairman immediately following 
presentation. 
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Council of Local Sections (1959-1960) 


K. S. Willson, Chairman 
3785 W. 33 St., Cleveland 9, Ohio 
A. J. Cornish, Vice-Chairman 
J.C. White, Secretary 
C. A. Hampel+ (1958-1960) 
M. F. Quaelyt (1959-1961) 


Boston (Spring 1959-1960) 
H. C. Gatos, Chairman 


Lincoln Lab., Mass. Institute of 


Technology, Lexington 73, Mass. 
H. H. Homer, Vice-Chairman 
H. L. Creamer, Treasurer 
Charles Levy* (1959-1960) 
L. B. Rogers* (1958-1960) 


Chicago (Spring 1959-1960) 

J. Kuderna, Chairman 
Automatic Electric Co., Northlake, 
Ill. 

J. Miller, Vice-Chairman 

R. Wehrmann, Treasurer 

R. Chelton, Secretary 

E. L. Koehler* 

C. A. Hampel* 


Cleveland (Spring 1959-1960) 

F. A. Shirland, Chairman 
Harshaw Chemical Co., 1945 E. 97 
St., Cleveland 6, Ohio 

R. A. Powers, Vice-Chairman 

R. C. Griffis, Treasurer 

J. F. Yeager, Secretary 


Columbus (Fal! 1958-1959) 

F. W. Fink, Acting Chairman 
Corrosion Research Div., Battelle 
Memorial Institute, Columbus 1, 
Ohio 

R. W. Hale, Sec.-Treas. 

C. A. Snavely* 


Detroit (Spring 1959-1960) 

A. E. Remick, Chairman 
Dept. of Chemistry, Wayne State 
University, Detroit 2, Mich. 

Manuel Shaw, Ist Vice-Chairman 

J. P. Hoare, 2nd Vice-Chairman 

S. E. Beacom, Sec-Treas. 

Frank Passal* 

Henry Brown* 


'Council 
Directors 

* Representative on Council of Local Sec- 
tions. 


Representative on Board of 
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India (Spring 1959-1960) 

M. S. Thacker, Chairman 
Council of Scientific & Industrial 
Research, Old Mill Rd., New Delhi 
2, India 

A. Jogarao, Vice-Chairman 

N. R. Srinivasan, Vice-Chairman 

S. Krishnamurthy, Sec.-Treas. 


Indianapolis (Spring 1959-1960) 

A. M. Max, Chairman 
5640 Guilford Ave., Indianapolis 
20, Ind. 

R. R. Haberecht, Vice-Chairman 

T. C. O’Nan, Sec.-Treas. 

J. M. Booe* 

F. C. Mathers* 


Midland (Spring 1959-1960) 

R. S. Karpiuk, Chairman 
4608 Bristol Court, Midland, Mich. 

M. R. Bothwell, Vice-Chairman 

D. Chapin, Sec.-Treas. 

P. F. George* 


Mohawk-Hudson (Spring 1959-1960) 

W. H. Smith, Chairman 
Metallurgy & Ceramics Research 
Dept., General Electric Co., P. O. 
Box 1088, Schenectady, N. Y. 

D. A. Vermilyea, Vice-Chairman 

R. J. Stamets, Sec.-Treas. 

W. E. Tragert* 

J. R. Rairden* 


New York Metropolitan 
(Spring 1959-1960) 


Frances S. Lang, Chairman 
Box 263, Whitehouse Station, N. J. 
P. L. Howard, Vice-Chairman 
R. A. Glicksman, Sec.-Treas. 
M. F. Quaely* 
A. C. Loonam* 


Niagara Falls (Spring 1958-1959) 
Karl Kunkel, Chairman 
Hooker Chemical Corp. 
Buffalo Ave. & 47 St., 
Niagara Falls, N. Y. 
S. W. Scott, Vice-Chairman 
D. J. Hansen, Sec.-Treas. 


Ontario-Quebee (Spring 1958-1959) 

John Convey, Honorary Chairman 

H. A. Timm, Chairman 
Dominion Magnesium Ltd., 
Haley, Ont., Canada 

L. G. Henry, Vice-Chairman 
(Membership) 

R. P. Bailey, Sec.-Treas. 

L. G. Henry* (1957-1959) 


September 1959 


Pacific Northwest 
(Spring 1958-Oct. 1959) 
H. J. Wittrock, Chairman 
Kaiser Aluminum & Chemical 
Corp., Spokane 69, Wash. 
G. C. Ware, Vice-Chairman 
Lawrence Young, Sec.-Treas. 


Philadelphia (Spring 1959-1960) 

G. W. Bodamer, Chairman 
Rohm & Haas Co., 5000 Richmond 
St., Philadelphia 37, Pa. 

K. A. Krieger, Vice-Chairman 

A. A. Ware, Treasurer 

H. C. Mandell, Jr., Secretary 


Pittsburgh (Spring 1958-1959) 

E. H. Phelps, Chairman 
Applied Research Lab., U.S. Steel 
Corp., Pittsburgh, Pa. 

J. W. Faust, Jr., Vice-Chairman 

. E. Haupin, Sec-Treas. 
Stokes, Jr.* 
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J.J. 
A. J. Cornish* 


San Francisco (Spring 1959-1960) 

R. A. Zimmerly, Chairman 
Columbia-Geneva Steel Div., U. S. 
Steel Corp., Pittsburg, Calif. 

R. E. DeLaRue, Jr., Vice-Chairman 

S. H. Dreisbach, Treasurer 

H. F. Stout, Secretary 

R. F. Bechtold* (1959-1961) 

Morris Feinleib* (1959-1960) 


Southern California-Nevada 
(Spring 1959-1960) 


M. Schwartz, Chairman 
3017 Oakhurst Ave., Los Angeles 
34, Calif. 

M. E. Carlisle, Vice-Chairman 

G. A. Larchian, Sec.-Treas. 

W. M. Hetherington* 


Washington-Baltimore 
(Spring 1959-1960) 


David Schlain, Chairman 

P. O. Box 348, College Park, Md. 
Jerome Kruger, Vice-Chairman 
Sigmund Schuldiner, Treasurer 
R. J. Brodd, Secretary 
J. C. White* 
Ralph Roberts* 
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Officers of Divisions of the Society 


Battery (Fall 1958-1960) 
J.C. White, Chairman 
4205 Woodberry St., 
Park, Hyattsville, Md. 
E. J. Ritchie, Vice-Chairman 
C. H. Clark, Sec.-Treas. 


University 


Corrosion (Fall 1958-1959) 

M. A. Streicher, Chairman 
1206 Winstead Rd., Mayfield, 
Wilmington, Del. 

R. T. Foley, Vice-Chairman 

Milton Stern, Sec.-Treas. 


Electric Insulation 
(Spring 1959-1960) 


A. J. Sherburne, Chairman 
1770 Wendell Ave., Schenectady, 
N. Y. 

T. D. Callinan, Vice-Chairman 

C. C. Houtz, Sec.-Treas. 


Electrodeposition (Fall 1958-1960) 

Abner Brenner, Chairman 
National Bureau of Standards, 
Washington 25, D. C. 

D. G. Foulke, Vice-Chairman 

D. R. Turner, Sec.-Treas. 


Electronics (Spring 1959-1961) 

M. F. Quaely, Chairman 
88 Mt. Hebron Rd., Montclair, N. J. 

J.S. Prener, Vice-Chairman 
(Luminescence) 

P. H. Keck, Vice-Chairman 
(Semiconductors) 

A. E. Martin, Vice-Chairman 
(General Electronics) 

A. E. Hardy, Sec.-Treas. 


Electro-Organic (Fall 1958-1960) 
Garrett Thiessen, Chairman 

408 N. 10 St., Monmouth, Ill. 
Milton Allen, Vice-Chairman 
R. A. Day, Jr., Sec.-Treas. 


Electrothermics and Metallurgy 
(Spring 1959-1961) 


G. M. Butler, Chairman 
Carborundum Co., Buffalo Ave., 
Niagara Falls, N. Y. 

J. H. Westbrook, Vice-Chairman 

E. M. Sherwood, Vice-Chairman 

L. H. Juel, Sec.-Treas. 


Industrial Electrolytic 
(Spring 1958-1959) 


J. C. Cole, Chairman 
Diamond Alkali Co., Union Com- 
merce Bldg., Cleveland 14, Ohio 
W. D. Sherrow, Vice-Chairman 
B. F. Bechtold, Sec.-Treas. 


Theoretical Electrochemistry 
(Spring 1959-1960) 


C. W. Tobias, Chairman 
Dept. of Chemistry & Chemical 
Engineering, University of Cali- 
fornia, Berkeley, Calif. 

Ralph Roberts, Vice-Chairman 

L. G. Longsworth, Sec.-Treas. 


Personals 


Ricardo O. Bach, formerly with the 
Central Research Labs. of the Ameri- 
can Smelting & Refining Co. in South 
Plainfield, N. J., has become director 
of the Inorganic Products Division of 
the Research Dept. of the Lithium 
Corp. of America in Minneapolis, 
Minn. 


Frank E. Swindells recently was 
appointed manager of research for 
photosensitive devices and chemical 
research for the Electronic Tube Di- 
vision of Allen B. Du Mont Labs., 
Inc., Clifton, N. J. In his new post, 
Dr. Swindells will have responsibil- 
ity for research and development of 
multiplier phototubes, image intensi- 
fiers and converters, image dissectors, 
and other electro-optical transducers. 
In addition, he will direct chemical 
research. He had managed chemical 
research for Du Mont prior to his 
new appointment with emphasis on 
transparent and black background 
screen phosphors. 


Herbert Bandes, of Arthur D. Little, 
Inc., Cambridge, Mass., has been 
transferred to San Francisco as di- 
rector of research in the company’s 
Western Division laboratories. Dr. 
Bandes will help to develop closer 
relations with the West Coast’s grow- 
ing electronic industries. He has had 
considerable experience in the field 
of solid state chemistry, with em- 
phasis on semiconductors. His most 


recent project was helping to plan 
a crystal-growing facility for Air 
Force-Cambridge Research Center. 
He was Chairman of the Electronics 
Division of the Society in 1957-1959, 
and this month he would have as- 
sumed the duties of Secretary of the 
Boston Section. 


R. F. Rolsten has accepted a posi- 
tion as research chemist at the Ana- 
heim Laboratories of the U. S. Borax 
Research Corp., Calif. Dr. Rolsten 
previously was employed at the Ex- 
plosives Dept., Du Pont Experi- 
mental Station, Wilmington, Del. 


N. R. Srinivasan has returned to 
India from the U.S.S.R. and resumed 
his duties at the Bhilai Steel Plant, 
Bhilai. 


J. Vaid has joined Jay Engineering 
Works, Calcutta, as research and 
development engineer. 


T. L. Rama Char has been nomi- 
nated as a member of the Electro- 
plating Sectional Committee of the 
Indian Standards Institution, New 
Delhi, on behalf of the Indian Insti- 
tute of Science, Bangalore. 


Ivar J. Moltke-Hansen 
Ivar J. Moltke-Hansen of Brusseis, 
Belgium, long-time member of the 
Society, died on June 20, 1959, at 
the age of 84. 
Mr. Moltke-Hansen, a Norwegian 
subject, studied electrochemistry 


in Berlin-Charlottenberg, Germany, 
and practiced for a few years in the 
United States of America. He settled 
permanently in Brussels in 1922. He 
never forgot his American friends 
although he had the opportunity to 
return to the United States only once 
in the iast 50 years. 

Mr. Moltke-Hansen joined The 
Electrochemical Society, for which 
he always had the deepest attach- 
ment, in January 1903 and was made 
an Emeritus Member in October 1940. 

He leaves behind his wife, whom 
he married in 1907, three sons, a 
daughter, and two grandchildren. 


Guy Hastings Fetterley 

Guy Hastings Fetterley, Chippawa, 
Ont., Canada, died on July 5, 1959. 
He was 46 years old. 

He was born in Toronto, Ont., the 
son of J. B. Fetterley and the late 
Mrs. J. B. Fetterley. He grew up in 
St. Catharines and attended high 
school in that city. 

Mr. Fetterley graduated from the 
University of Toronto with a B.A.Sc. 
degree in chemical engineering in 
the year 1935 and joined the Re- 
search and Development Dept. of 
Norton Co. in Chippawa on May 20 of 
that year. He had resided in Chip- 
pawa since that time. 

At Norton Co., Guy was active in a 
number of developments which have 
since become of considerable com- 
mercial importance. He devised a test 
procedure for electrical grade fused 
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magnesia (Magnorite) which has 
been in use for many years and is 
now known as the Fetterley test. He 
was also instrumental in standardiz- 
ing boron carbide molding powder 
and designed a small plant for the 
production of this material. 

During World War II, Guy was in 
active charge of a project for the 
Manhattan District Corps of Engi- 
neers which finally developed the 
Fetterley process for the manufac- 
ture of elemental boron. 


Other projects in which Guy had 
been actively interested included 
silicon carbide heating elements (hot 
rods), silicon carbide grain for light- 
ning arresters, and boron nitride. 

Although his training was in chem- 
ical engineering, Guy's background 
and interest in electronics led him 
far into the field of engineering 
physics. More recently, he had been 
concerned with the theory of abra- 
sives and, at the time of his death, he 
was pursuing investigations into such 
problems as impact and wear. He 
also was interested in the electronic 
applications of silicon carbide crys- 
tals. 

He had been awarded several pat- 
ents and had published numerous 
scientific papers. He was a Regional 
Editor of the JoURNAL and a con- 
tributing editor to the book “High- 
Temperature Technology.” 

In addition to The Electrochemical 
Society, which he joined in October 
1942, he was an active member of the 
Chemical Institute of Canada and one 


G. H. Fetterley 


of the founders of the Niagara local 
section, the American Association for 
the Advancement of Science, the As- 
sociation of Professional Engineers, 
the Society for Engineering Educa- 
tion, the Institute of Radio Engineers, 
the American Ceramic Society, and 
the local section of the Optical So- 
ciety of America. His wide interests 
led to his serving on a number of 
standing committees and ranged all 
the way from weight lifting to spec- 
troscopy and “ham” radio. 

At the time of his death, Guy was a 
Section Head in the Research and 
Development Dept. in charge of the 
engineering physics and crystallo- 
graphic groups. 

Surviving are his wife, Mabel 
Louise McCalla, whom he married in 
1936; one son, Norman Guy McCalla; 
and his father, J. B. Fetterley of St. 
Catharines, Ontario. 

G. R. Finlay 


Book Reviews 


Physical Chemistry of High Polymers, 
by Maurice L. Huggins. Published 
by John Wiley & Sons, Inc., New 
York City, 1958. xiii + 175 pages; 
$6.50. 


According to the author, this book 
is based on notes prepared for a 
series of lectures to university stu- 
dents on the physical chemistry of 
high polymers and the structure of 
molecules, especially proteins. It is 
therefore intended as an outline of 
the subject at an intermediate level. 
The author specifically disclaims for 
the book both objectivity and com- 
prehensiveness, since he has empha- 
sized both his own works and his 
own views. Nevertheless, it is a very 
good outline at the indicated level, 
containing much formulation of basic 
principles and many speculative sug- 
gestions 


The book cannot be used as a text, 
since many derivations are missing 


or sketchy. “It can be shown that...” 
occurs quite frequently, as indeed it 
would during the course of a lecture. 
Also, there is nothing much on ex- 
perimentation, other than a two-page 
section in the chapter on structure 
of corpuscular proteins. No time is 
spent discussing actual synthesis or 
fabrication of ultimate products, and 
there is no discussion of the experi- 
mentation leading to the data cited 
in the text. 

There is a brief introductory sec- 
tion on nomenclature and classifica- 
tion followed by a chapter on poly- 
merization, stressing the kinetic ap- 
proach. The next two chapters cover 
composition and configuration of 
chains, and are followed by three 
chapters on thermodynamics of poly- 
mer solutions. Brief discussions of 
viscosity, plastic flow, and elasticity 
are then followed by several well- 
illustrated chapters discussing the 
structure of various synthetic and 
natural polymers. 


H. W. Salzberg 


September 1959 


The Structure of Electrolytic Solu- 
tions. Edited by Walter J. Hamer. 
Published by John Wiley & Sons, 
Inc., New York, and Chapman & 
Hall, Ltd., London, 1959. xii + 441 
pages; $18.50. 


This volume, based on a sympo- 
sium held by The Electrochemical 
Society in May 1957, contains 27 
chapters written by 42 authors. The 
Editor and his staff have done an ex- 
cellent job in obtaining uniformity 
in length and style of the chapters. 
Also, while the same topics are some- 
times discussed in two or more chap- 
ters, there is no real repetition be- 
cause of the different viewpoints. The 
book is well printed and bound, and 
there are very few errors, of proof- 
reading at least. It is not a beginner’s 
book, but presupposes a very good 
knowledge of the physical chemistry 
of solutions. The modern status of 
knowledge and research in this diffi- 
cult field, and the available experi- 
mental methods of attack, are pre- 
sented by experts in each domain. 
There are contributions from several 
countries, an exception being the 
U.S.S.R. 


To quote from H. S. Frank and 
P. T. Thompson, Chapter 8: “There 
can be little doubt that the theory of 
Debye and Hiickel gives a complete 
and correct account of activity coeffi- 
cients and heats of dilution in ionic 
solutions which are sufficiently di- 
lute. ... After thirty years no one 
has yet succeeded in. . . modifying 
... the theory ... to give an exact 
account... in real solutions without 
employing parameters which not 
only are empirical but also take on 
numerical values which are often 
markedly peculiar.” Nevertheless, 
serious attempts have been made to 
develop a theory for more concen- 
trated solutions, and they are re- 
viewed and discussed here. G. Scat- 
chard, E. Glueckauf, Frank, and 
Thompson discuss the electrical in- 
teractions and solvation effects, as 
well as the statistical contribution 
to the activity coefficient, the last 
three authors considering the Bjer- 
rum cube root region theoretically 
important but in somewhat different 
fashion. Chemical interactions (ion 
pairs, incomplete dissociation, com- 
plexes, chelates) are discussed in 
other chapters. 


The structure of water and ice, and 
the behavior of H and OH ions, are 
discussed by M. Eigen and L. De- 
Maeyer. Heats of dilution are re- 
viewed by E. Lange. Topics of other 
chapters include the use of Raman 
spectra, utlraviolet spectrophotome- 
try in the investigation of dissocia- 
tion constants and complex ions, 
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June 1960 Discussion Section 


A Discussion Section, covering papers published in the July—December 1959 JouRNALS, is scheduled for 
publication in the June 1960 issue. Any discussion which did not reach the Editor in time for inclusion in the 
December 1959 Discussion Section will be included in the June 1960 issue. 

Those who plan to contribute remarks for this Discussion Section should submit their comments or ques- 
tions in triplicate to the Managing Editor of the JouRNAL, 1860 Broadway, New York 23, N. Y., not later than 
March 1, 1959. All discussion will be forwarded to the author(s) for reply before being printed in the JouRNAL. 


diffusion measurements including 
thermal diffusion (Soret effect), ionic 
vibration potentials, investigation of 
NH,-H.O mixtures by high field con- 
ductance, high-temperature isopiestic 
measurements, use of anion exchange 
in studying complexes. Possible new 
methods of study are mentioned, 
such as nuclear magnetic resonance, 
which was a very new tool in 1957. 
There is special consideration of in- 
complete dissociation in concentrated 
strong acids, the case of HSO,, meth- 
anol-water solutions of acids, solu- 
tions of polyelectrolytes. The last 
two chapters deal with the theory of 
melting, and with the evidence for 
complexes in melts. 


One is impressed by the resurgence 
of ideas which all but disappeared 
from the literature many years ago. 
The old textbooks listed ions like 
MgCl’, NaSO.-; spectrophotometry 
and cryoscopy measured degrees of 
hydration (and on occasion there 
was not enough water in the solu- 
tion); an unsuccessful cube-root law 
was developed by Ghosh, a tempo- 
rarily successful one (for log f) by 
Bjerrum. Some of these things have 
come back, of course in a different 
context. Many years ago, it was stated 
that, if certain salts were not fully 
ionized, then the radicals in the mole- 
cule had the same absorption spec- 
trum as the ions. In the present vol- 
ume, C. W. Davies considers NiSO, 
to have a dissociation constant of 
only 0.004; J. F. Duncan and D. L. 
Kepert find no shift in absorption 
spectrum with change of Ni and SO, 
ratio or concentration. 


C. V. King 


News Items 


Journal of ECS Microfilmed 

The Electrochemical Society an- 
nounces that an agreement has been 
entered into with University Micro- 
films, Inc., Ann Arbor, Mich., for the 
microfilming of all volumes of the 
TRANSACTIONS and JOURNAL of the 
Society. 


This consists of 15 reels and covers 
Vol. 1-104 (1902-1957), and positive 
microfilm copies of all these volumes 
sell for $375.00. When reels are sold 
separately for any of these volumes, 
the price is $25.00 each. 

Subsequent volumes of the Jour- 
NAL will be on separate reels. Vol. 
105 (1958) is now available for $3.10. 


One of the most pressing problems 
faced by libraries is that of providing 
adequate space for their publications. 
Microfilm editions are one solution to 
this problem. 


Inquiries concerning purchase 
should be addressed to University 
Microfilms, Inc., 313 N. First St., Ann 
Arbor, Mich. 


New ECS Sustaining Member 
Tung-Sol Electric Inc., Newark, 
N. J., recently became a Sustaining 
Member of The Electrochemical So- 
ciety. 


A. K. Graham Awarded Highest 
Scientific Honor of AES 


The American Electroplaters’ Soci- 
ety, Inc., at its Golden Jubilee Con- 
vention and Industrial Finishing Ex- 
position, including the Fifth Interna- 
tional Conference on Electrodeposi- 
tion and Metal Finishing, held in De- 
troit, Mich., June 15-19, 1959, named 
Dr. A. Kenneth Graham of Jenkin- 
town, Pa., president of Graham, Sav- 
age & Associates of that city, as the 
second winner of the AES Scientific 
Achievement Award, the society’s 
highest scientific honor. Dr. Abner 
Brenner of the National Bureau of 
Standards was Chairman of the Se- 
lection Committee. 

Also in attendance at the meeting 
was Dr. William Blum who, as the 
first winner of the Award, delivered 
the first “William Blum Lecture” at 
the Opening Session of the Fifth In- 
ternational Conference on Electro- 
deposition and Metal Finishing in the 
Statler-Hilton Grand Ballroom. 

Dr. Graham, like Dr. Blum, earned 
selection by his “decade-plus” ac- 
complishments in advancing the 


theory and practice of electroplat- 
ing, metal finishing, and allied arts; 
in raising the quality of its processes 
and products; and in enhancing the 
dignity and status of the profession. 
He was nominated for the Award by 
the Philadelphia Branch, AES’s sec- 
ond oldest chartered Branch that in 
1960 will be celebrating its own 
Golden Anniversary. 

Dr. Graham will deliver the sec- 
ond “William Blum Lecture” at the 
AES’s Annual Convention to be 
held in Los Angeles in 1960. He will 
receive a scroll, a $500.00 honorar- 
ium, and other attendant honors. 


Providing Liquid Refrigerants 
to Research Workers 


The National Bureau of Standards, 
Washington, D. C., has found that 
liquefied gases can be commercially 
procured and then transported over 
long distances at a cost comparable 
to the expense involved in conduct- 
ing a liquefaction operation. Such an 
approach to procurement places 
liquefied gases within the reach of 
all research groups, even those pre- 
viously hindered from undertaking 
low-temperature projects because 
they lacked immediate access to liq- 
uefaction facilities. The Bureau it- 
self uses this method to supply liq- 
uid refrigerants to research workers 
in its Free Radicals Research Pro- 
gram. Procurement, along with stor- 
age, handling, transfer, and delivery, 
is conducted by a specially trained 
staff to free scientists for essential 
research. Such centralized handling 
has also proved economical, acceler- 
ating research and greatly reducing 
gas losses. 


Announcements 
from Publishers 


“Investigation of Methods of Pro- 
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Force Cambridge Research Center, 
Aug. 1957. Report P131631,* 25 
pages; $1.50. 


“A Theoretical Study of the Elec- 
tronic Structure of Transition- 
Metal Complexes,” Aug. 1956. AEC 
Report ISC-830,* 118 pages; $2.75. 


“Transport Numbers and Ion Mobili- 
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1957. AEC Report LA-2229,* 55 
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“Hydriding of Zirconium and Uran- 
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Acid-Fluoride Solutions,” no date. 
AEC Report ORNL-2519,* 22 
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“Ion-Exchange Separation of Metals 
by a Single-Pass Method,” June 
1958. AEC Report ISC-1056,* 41 
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Sulfate Decladding Solutions by 
Ion Exchange,” no date. AEC Re- 
port ORNL-2592,* 29 pages; $1.00. 


“The Recovery of Uranium from 
Sulfate Solutions by Solvent Ex- 
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no date. AEC Report ORNL-2615,* 
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“Summary of Progress in Unclassi- 
fied Areas of Reactor Technology,” 
Oct. 1958. AEC Report CEND- 
0005-RS-41,* 14 pages; 75 cents. 
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“Relation of Wettability by Aque- 
ous Solutions to the Surface Con- 
stitution of Low-Energy Solids,” 
M. K. Bernett and W. A. Zisman, 
Naval Research Lab., Oct. 1958. 
Report PB 151048,* 12 pages; 50 
cents. 


“Simple Electrometer Employing an 
Electrified, Nonconducting Fiber,” 
D. A. McCaig and B. Vonnegut, 
Arthur D. Little, Inc., for the Of- 
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fice of Naval Research, Feb. 1957. 
Report PB 131731,* 23 pages; 75 
cents. 


“The Zinc-Silver Oxide Cell Low 
Temperature Operation without 
Auxiliary Heating,” L. A. Denison, 
W. J. Pauli, and G. R. Snyder, 
Diamond Ordnance Fuze Labs., 
Ordnance Corps, U. S. Army, Dec. 
1957. Report PB 131787,* 34 pages; 
75 cents. 


“Problems of Corrosion and the Protection of Metals” 


Listed below is the translated Table of Contents of the book entitled “Prob- 
lems of Corrosion and the Protection of Metals” (“Problemy Korrozii i Za- 
schity Metallov”). The 270-page book, available only in Russian, can be 
purchased for $2.00 from the Four Continent Book Corp., 822 Broadway, New 
York 3, N. Y. It is the transaction of the Fifth All-Union Conference on the 
Corrosion and Protection of Metals held at the Institute of Physical Chemistry, 
Academy of Sciences, U.S.S.R., in Moscow, June 23-25, 1954. It was published 
by the Academy of Sciences U.S.S.R. Press, Moscow, 1956. 
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“Gas-Recoil Fast Neutron Spectrom- 
eter,” R. E. Benenson, Wright 
Air Development Center, U.S. Air 
Force, June 1958. Report PB 
151187,* 36 pages; $1.00. 


“Silver Oxide-Zinc Alkaline Storage 
Batteries: Effect of Float and Nor- 
mal Charges on Capacity and Re- 
lated Characteristics,” C. P. Wales, 
U.S. Naval Research Lab., Aug. 
1958. Report PB 131925,* 36 pages; 
$1.00. 


“Final Report on Solid Electrolyte 
Battery Systems,” D. M. Smith, 
Sprague Electric Co., for the Sig- 
nal Corps, U.S. Army, no date. 
Report PB 131796,* 280 pages; 
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“The Preparation of Transistor 
Grade Silicon from Silane or Anal- 
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ment Command, U.S. Air Force, 
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72 pages; $2.00. 
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polymers,” J. A. Parker, F. F. 
Bentley, E. A. Peterson, and D. 
Hale, Wright Air Development 
Center, U. S. Air Force, Sept. 
1958. Report PB 151261,* 110 
pages; $2.50. 


“The Evaluation and Adaptation of 
the Bromination Technique of De- 
termining Oxygen in Metals,” 
L. A. Keyser and C. D. Houston, 
Wright Air Development Center, 
U. S. Air Force, Aug. 1958. Report 
PB 151250,* 31 pages; $1.00. 


“Electrical Generation of Oxygen: 
Literature Survey,” R. D. Nelson, 
R. Tubbs, W. Sullivan, D. Bu- 
chanan, and A. B. Garrett, Ohio 
State University, for Wright Air 
Development Center, U. S. Air 
Force, Aug. 1958. Report PB 151- 
260,* 111 pages; $2.50. 


“Contractile Properties of Polyelec- 
trolytes,” W. Budd and J. Mikula, 
Frankford Arsenal, U. S. Army 
Ordnance Corps, Oct. 1957. Report 
PB 131939,* 23 pages; 75 cents. 


“Bibliography of Unclassified NRL 
Formal Reports Numbers 1000 to 
5000,” Volume PB 15!428,* 131 
pages; $2.75. 


“Organic Silicon Compounds (Krem- 
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K. A. Andrianov, State Scientific 
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Documents Liaison Office, U. S. 
Air Force. Volume 59-11239,* 920 
pages; $10.00. 
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cal, Electronic, Industrial, General, 
Mechanical, and Power Plant), 
Electronic Scientists, Metallurgists, 
Physicists, Technologists — Vacan- 
cies exist for professional person- 
nel in the above positions. Starting 
salaries range from $4490 per an- 
num to $10,130 per annum. The 
Naval Air Material Center is cur- 
rently engaged in an_ extensive 
program of aeronautical research, 
development, experimentation, and 
test operations for the advancement 
of Naval aviation. Experimental 
work is also being conducted in the 
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ECS Series 


The following are books developed and sponsored by The Electrochemical Society and published by 
John Wiley & Sons, Inc., 440 Fourth Ave. New York 16, N. Y. Members of The Electrochemical Society can 
receive a 33 1/3% discount by ordering volumes from Society Headquarters, 1860 Broadway, New York 23, 


N. Y. Book and invoice will be mailed by John Wiley & Sons. Nonmembers (including subscribers) should 
order direct from Wiley. 


Corrosion Handbook. Edited by Herbert H. Uhlig. Published 1948, 1188 pages, $16.00 
Modern Electroplating. Edited by Allen G. Gray. Published 1953, 563 pages, $8.50 


Abstracts of the Literature on Semiconducting and Luminescent Materials and Their Applications. Compiled 
by Battelle Memorial Institute. 


Vol. I, 1953 Issue—published 1955, 169 pages, $5.00 (soft cover) 
Vol. II, 1954 Issue—published 1955, 200 pages, $5.00 (soft cover) 
Vol. III, 1955 Issue—Edited by E. Paskell; published 1957, 322 pages, $10.00 (hard cover) 
Vol. IV, 1956 Issue—Edited by E. Paskell; published 1959, 456 pages, $12.00 (hard cover) 
Electrochemistry in Biology and Medicine. Edited by Theodore Shedlovsky. Published 1955, 369 pages, $11.50 


Vapor Plating (The Formation of Metallic and Refractory Coatings by Vapor Deposition), by C. F. Powell, I. E. 
Campbell, and B. W. Gonser. Published 1955, 158 pages, $5.50 


High-Temperature Technology (Materials, Methods, and Measurements). Edited by I. E. Campbell. Published 
1956, 526 pages, $15.00 


Stress Corrosion Cracking and Embrittlement. Edited by W. D. Robertson. Published 1956, 202 pages, $7.50 


Arcs in Inert Atmospheres and Vacuum. Edited by W. E. Kuhn. Published 1956, 188 pages, $7.50 
(Papers Presented at the Symposium on Arcs in Inert Atmospheres and Vacuum of the Electrothermics and 
Metallurgy Division of The Electrochemical Society, April 30 and May 1, 1956, San Francisco, Calif.) 


Technology of Columbium (Niobium). Edited by B. W. Gonser and E. M. Sherwood. Published 1958, 120 pages, 
$7.00 
(Papers Presented at the Symposium on Columbium—Niobium of the Electrothermics and Metallurgy Divi- 
sion of The Electrochemical Society, May 15 and 16, 1958, Washington, D. C.) 


The Structure of Electrolytic Solutions. Edited by Walter J. Hamer. Published 1959, 441 pages, $18.50 
(Based on a Symposium held in Washington, D. C., in May 1957, sponsored by The Electrochemical Society, 
New York, and The National Science Foundation, Washington, D. C.) 


Vacuum Metallurgy 


Vacuum Metallurgy, third printing, 1958. Edited by J. M. Blocher, Jr.; 216 pages; $5.00, less a 20% discount 
to ECS members only. Available from Electrochemical Society Headquarters, 1860 Broadway, New York 
23, N. Y. 


(Papers Presented at the Vacuum Metallurgy Symposium of the Electrothermics and Metallurgy Division of 
The Electrochemical Society held in Boston, Mass., October 6 and 7, 1954) 
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Div., St. Marys, Pa. (2 memberships) 
Sprague Electric Co., North Adams, Mass. 
Stackpole Carbon Co., St. Marys, Pa. 
Stauffer Chemical Co., New York, N. Y. 
Sumner Chemical Co., Div. of 
Miles Laboratories, Inc., Elkhart, Ind. 
Sylvania Electric Products Inc., Bayside, 
N. Y. (2 memberships) 
Tennessee Products & Chemical Corp., 
Nashville, Tenn. 
Texas Instruments, Inc., Dallas, Texas 
Metals & Controls Div., Attleboro, Mass. 
Three Point Four Corp., Yonkers, N. Y. 
Titanium Metals Corp. of America, 
Henderson, Nev. 
Tung-Sol Electric Inc., 
Newark, N. J. 
Udylite Corp., Detroit, Mich. 
(4 memberships) 
Universal-Cyclops Steel Corp., 
Bridgeville, Pa. 
Upjohn Co., Kalamazoo, Mich. 
Victor Chemical Works, Chicago, III. 
Western Electric Co., Inc., Chicago, II. 
Wyandotte Chemicals Corp., 
Wyandotte, Mich. 
Yardney Electric Corp., New York, N. Y. 
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From Enthonies research come Enthone Enteks, a 
new series of rinse water additives which coat 
metal surfaces with an “invisible shield” against 
the atmosphere. Entek 45 assures faster drying. 
eliminates water spots and provides lasting corro- 
sion protection to all metals. Entek CU-55 prevents 
tarnishing and spotting out of copper and brass 
even under tropical humidity conditions. 

By adding Entek 45 to your final hot water rinse. 
you can prevent white salt corrosion of zine and 
aluminum, prevent yellowing of nickel plate. pre- 
vent tarnishing of copper and brass, prevent black 
spots on cadmium plate. 

By treating copper and brass goods or copper or 
brass plated items with Entek CU-55 you can pre- 
vent tarnishing, green salt formation, spotting-out 
and pit corrosion under high humidity storage 
conditions. 


ANOTHER PRODUCT OF 


RESEARCH 


Compare treated vs untreated brass panels. 


Entek protection lasts for months. yet costs less 
than 1'4¢ per 100 sq. ft. to treat your parts. less 
than 4¢ per gallon to make up an Entek 45 solu- 
tion! 

Entek 45 produces an invisible, water-repellent 
organic film on the metal surface which sheds 
water rapidly and promotes stain-free drying. This 
same film acts as an invisible barrier between the 
metal and the moisture and oxygen in the air. 

Entek CU-55 reacts with copper and copper al- 
loys to form an invisible layer which has many 
times the corrosion resistance of bare copper and 
brass. Additionally, this layer has better solder- 
ability and improves adhesion of lacquers and 
enamels, 

Write today for complete literature on both of 
these products to Enthone, Inc., 442 Elm Street, 
New Haven, Connecticut. 


ENTHON 


A Subsidiary of American Smelting and Refining € 


After cleaning, panel on 
right was rinsed in Entek 45 rinse: panel on lejt,in standard hot 

water rinse. Then panels were exposed to 100% humidity at 100° F 
for 100 hours. Note how Entek 45 preserves “that fresh metal surface 


company 
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